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Abstract 
 
Acid sulfate soils occur in coastal and inland environments in Australia and elsewhere 
around the world. Disturbance of acid sulfate soil materials causes considerable 
environmental harm including acidification, release of toxic metals, fish kills and 
degradation of aquatic ecosystems. This thesis shows that stable sulfur isotope ratios 
(δ34S) are sensitive to environmental conditions and are a geochemical technique that 
promises to provide valuable information about the behaviour of acid sulfate soil 
materials.  
 
The sulfide and sulfate fractions of acid sulfate soil materials from a range of 
environments were examined to establish a baseline for the use of sulfur isotopes in acid 
sulfate soils in eastern Australia. The δ34S of these fractions were sensitive to their 
environment of formation according to whether the sulfate supply was open or restricted 
during bacterial sulfate reduction and sulfide formation. These results suggest sulfur 
isotopes could be used to identify the environment of formation, trace the source of 
sulfate in contemporary and relic sulfide accumulations and possibly quantify the 
amount of sulfate in waterways derived from the oxidation of acid sulfate soil materials 
during hydrological events.   
 
When applied to an acid sulfate soil landscape undergoing tidal exchange remediation at 
East Trinity, δ34S were shown to provide valuable information about the geochemical 
processes that were occurring during remediation. The δ34S ratios of the more insoluble 
secondary sulfate fractions (e.g. jarosite) retained information on the conditions prior to 
remediation, whereas the water soluble and exchangeable sulfate δ34S ratios reflected 
conditions post remediation and indicated the relative contributions from two potential 
sulfate sources – the oxidation of pyrite and the tidal water. Similarly, the contemporary 
sulfide accumulations reflected both sulfate sources and could be clearly distinguished 
isotopically using δ34S ratios from the relic sulfides at depth that had formed solely 
under open tidal conditions.   
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δ34S of dissolved sulfate was also examined in water from the waterways of a drained 
acidified acid sulfate soil landscape in the Tuckean Swamp. Oxidised acid sulfate soil 
materials produced sulfate that was clearly differentiated from other sulfate sources, 
such as seawater, using sulfur isotope techniques. There was a strong association 
between the δ34S of dissolved sulfate and other parameters commonly used to identify 
the influence of acid sulfate soils on water quality, specifically pH and the 
chloride:sulfate ratio. It was determined that δ34S ratios could be used to help identify 
acidic discharges in waterways from acid sulfate soils and has the potential to help 
quantify the contribution that drainage from acid sulfate soils makes to surrounding 
waterways.  
 
Finally, δ34S ratios were used to examine the cycling of sulfides and sulfates in a 
contemporary mangrove sediment representing currently-forming sulfidic materials in 
Ballina. The sulfide concentrations and δ34S ratios showed considerable variation 
throughout the profiles and across a 12 hour long drainage period. Rather than being the 
product of geochemical processes these variations were attributed mainly to the inherent 
heterogeneity of mangrove sediments. The study indicated the occurrence of sulfide 
oxidation in subsurface layers likely contributed to lower δ34S ratios in the soluble 
sulfate fraction relative to seawater and the surface layer, but not to a degree that would 
explain the similarity between the sulfide and sulfate δ34S ratios typically found in 
subsurface sulfidic layers of acid sulfate soils.  
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Chapter 1 
Introduction to acid sulfate soils and stable sulfur isotopes 
2 
 
Acid Sulfate Soils – A Definition 
 
In common terms, acid sulfate soil is the name given to soils containing sulfide 
minerals (particularly pyrite) or the products of sulfide oxidation (Melville and White 
2000; Sullivan et al 2001; Powell and Martens 2005). A slightly more technical 
definition provided by Dent and Pons (1993) describes soils or sediments that contain 
sufficient iron sulfides, which when oxidised, produce more sulfuric acid than can be 
neutralised by the inherent buffering capacity of the soil. Acid sulfate soils are 
grouped under Hydrosols in the Australian Soil Classification Scheme (Isbell 1996) 
and can be divided into potential acid sulfate soils and actual acid sulfate soils (Powell 
and Martens 2005. 
 
Potential Acid Sulfate Soils 
Potential acid sulfate soils (PASS) are sediments which, due to insulation from water 
logging, remain unoxidised (Ritsema et al 1992; Lines-Kelly 2000). They may be 
characterised by dark grey, unripe clay (i.e. soft buttery consistency with low bearing 
strength), often containing remnants of decomposed organic matter (Dent and Pons 
1993; Morand 1993). Potential acid sulfate soils often have a pH near neutral although 
sometimes acid diffusion through the soil profile may lower the pH substantially 
(Rosicky et al 2000). 
 
Signs of potential acid sulfate soils in the field may include a strong hydrogen sulfide 
(H2S) smell, the presence of mud that contains organic matter, dominance of 
mangroves, reeds, rushes and other swamp tolerant vegetation in dark grey estuarine 
clay, indicating intermittent poor drainage (Lines-Kelly 2000). A more comprehensive 
identification of potential acid sulfate soils is also provided in the Australian Soil 
Classification Scheme (Isbell 1996): 
 Sulfidic material (PASS): A subsoil, waterlogged, mineral or organic material 
that contains oxidisable sulfur compounds, usually iron disulfide (e.g. pyrite), 
that has a field pH of 4 or more but which will become extremely acid when 
drained. Sulfidic material is identified by a drop in pH by at least 0.5 units to 4 
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or less (1:1 by weight in water, or in a minimum of water to permit 
measurement) when a 10 mm thick layer is incubated at field capacity for 8 
weeks. For a quick screening test that is not definitive, a 10 g sample treated 
with 50 mL of 30% H2O2 will show a fall in pH to 2.5 or less. Caution: H2O2 
is a strong oxidant and sulfides and organic materials will froth violently in a 
test tube, which may become very hot. 
 
Potential acid sulfate soils have the potential to produce sulfuric acid but will remain 
stable if anaerobic, waterlogged conditions are maintained (Smith et al 2003). If they 
are allowed to oxidise they may develop into actual acid sulfate soils (Ritsema and 
Groenenberg 1993; Melville and White 2000). 
 
Actual Acid Sulfate Soils 
Depending upon the acid neutralising capacity of the soil the oxidation of potential 
acid sulfate soils may or may not form actual acid sulfate soils (AASS) (Ritsema et al 
1992).  Signs of actual acid sulfate soils may include: 
 the presence of yellow mottles of jarosite along soil cracks and decayed 
plant root channels 
 iron staining on plants 
 white surface salts (non-tidal) 
 pH of 4 or less  
 negligible plant growth when dry 
 red iron staining in water or unusually clear water 
 acid and salt tolerant plants such as water lilies, tea tree, swamp oak, 
tussocks and rushes (Lines-Kelly 2000). 
 
Actual acid sulfate soils or ‘sulfuric soils’ are also described in the Australian Soil 
Classification Scheme (Isbell 1996): 
 Sulfuric materials (AASS): Soil material that has a pH less than 4 (1:1 by 
weight in water, or in a minimum of water to permit measurement) when 
measured in dry season conditions as a result of the oxidation of sulfidic 
materials. Evidence that low pH is caused by oxidation of sulfides is one 
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of the following: yellow mottles and coatings of jarosite (hue 2.5Y or 
yellower and chroma of about 6 or more); presence of underlying sulfidic 
material. 
 
The profile of an actual acid sulfate soil may contain three oxidation phases (pre-
oxidation, active and post-oxidation, as defined by Fanning (1993)) in a depth 
sequence. The pre-oxidation phase is found at depth below the redox influence, the 
active stage at the redox boundary and the post oxidation stage at the surface, if it has 
been exposed for many years (Fanning 1993). Alternatively the pre, active and post 
oxidation stages may follow one another on a time scale. The generic term ‘acid 
sulfate soil’ describes an entire soil profile that contains both actual acid sulfate soils 
and potential acid sulfate soil layers (Melville and White 2000; Smith et al 2003) but 
is also used to describe soil profiles that contain only one of these types of soil 
materials (Fitzpatrick et al 2003). 
 
The Transformation of Potential to Actual Acid Sulfate Soils 
The transformation of potential acid sulfate soils to actual acid sulfate soils is 
effectively governed by the height of the water table (White et al 1996; Johnston et al 
2003c) as this determines the ingress of oxygen in a soil profile (Kelly 1996). Acid 
sulfate soil environments are generally located in low lying areas where the water 
table is maintained at or near the surface by a variety of factors including tidal 
pressure, rainfall and freshwater stream inputs (Ferguson and Eyre 1996; Powell and 
Martens 2005). Under such conditions the potential acid sulfate soils are insulated 
from oxidation and remain stable (Figure 1.1). 
 
When potential acid sulfate soil materials are exposed they oxidise and produce 
sulfuric acid. Such exposure may result from excavation, dredging or stockpiling of 
sediment (Evangelou 1998), however, the most common cause is the lowering of the 
water table for urban and agricultural development (Figure 1.2) (Dent and Pons 1995; 
Boman et al 2008, 2010; Burton et al 2011a). In eastern Australia, over the past one 
hundred years the introduction of engineered drainage systems and flood mitigation 
structures has substantially altered the natural hydrology of many coastal floodplains 
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(White et al 1996; Johnston et al 2003a, b; Smith et al 2003; Powell and Martens 
2005). This alteration has a two-fold effect on the rate of acidification from potential 
acid sulfate soils; the drainage lowers the water table and exposes potential acid 
sulfate soil materials allowing oxidation, while the flood mitigation structures prevent 
regular inflow of tidal waters, which would otherwise neutralise the acid produced 
from oxidation and flush away other oxidation products (White et al 1996; Johnston et 
al 2003a, b; Johnston et al 2011a, 2012). 
Figure 1.1. Diagram showing an undisturbed environment with sulfidic layers 
protected by water (Source: Sammut and Lines-Kelly 2000). 
 
 
Figure 1.2. Draining acid sulfate soils leads to high frequency, high magnitude 
and persistent acidity (Source: Sammut and Lines-Kelly 2000). 
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The lowering of the water table also occurs naturally through evapotranspiration by 
vegetation, extreme drought or regional uplifting (Evangelou 1998; Astrom and Spiro 
2000; Boman et al 2010). Most of the acid will be neutralised or buffered in the soil 
profile, although acid outflows do sometimes occur (White and Sammut 1995; Russell 
and Helmke 2002). In many areas however, human intervention has severely 
exacerbated the problem and caused acidification beyond what natural environmental 
processes can ameliorate (White and Sammut 1995; Williams et al 1996). 
 
Distribution of Acid Sulfate Soils 
 
Worldwide, acid sulfate soils are usually associated with tidal flushing zones 
(Macdonald et al 2002) and affect over 50 million hectares of land (Sullivan et al 
2012). Acid sulfate soils affect significant portions of the Australian coastline 
(Sammut et al 1996a), particularly in New South Wales (Johnston et al 2003a; Burton 
et al 2006c; Claff et al 2011) (Figure 1.3), Queensland (Russell and Helmke 2002; 
Powell and Martens 2005; Johnston et al 2011a, b) and Western Australia (Kilmister 
and Cartwright 2011; Morgan et al 2012a, b). Acid sulfate soils have also been 
identified in many inland areas (Sullivan et al 2002; Fitzpatrick et al 2009; Isaacson et 
al 2009).  
 
Coastal Acid Sulfate Soils 
The majority of acid sulfate soils occur in coastal embayments and estuaries where 
wave action is limited and sedimentation occurs (Johnston et al 2003a). Acid sulfate 
soils that form in tropical and sub-tropical environments are expected to contain larger 
concentrations of pyrite. In addition, those environments with prolonged dry seasons 
have higher oxidation rates than those with more temperate climates (Yang 1997).  
 
Inland Acid Sulfate Soils 
In addition to coastal environments, acid sulfate soils have also been discovered at 
several inland locations in South Australia (Fitzpatrick et al 1993, 2009), New South 
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Wales (Isaacson et al 2009) and Victoria (Sullivan et al 2002). The occurrence of 
inland acid sulfate soils has been attributed to increasing salinisation, which is causing 
severe degradation over much of the Australian continent. In South Australia, inland 
acid sulfate soils are associated with dryland salinity, which is often caused by the 
replacement of native vegetation with annual pastures and crops. These crops cannot 
utilise enough of the rainfall resulting in increased recharge to groundwater and 
higher water tables. This brings salts in the soil closer to the surface thereby providing 
a source of sulfate for the formation of iron sulfides (Fitzpatrick et al 1993; Peck 
1993).  
 
 
Figure 1.3. Acid sulfate soil hot spots along the NSW coast (Source: EPA 2000). 
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The inland acid sulfate soils investigated by Sullivan et al (2002) in New South Wales 
and Victoria are associated with irrigation activities. These activities have led to an 
increase in the sulfate concentrations of the freshwater river environments and water 
ways. Given sulfate availability is often a limiting factor in sulfate reduction and the 
formation of sulfides (Berner 1984), an increase in sulfate concentrations may 
enhance the accumulation of monosulfides and pyrite (Sullivan et al 2002).  
 
Impacts of Acid Sulfate Soils 
 
The oxidation of acid sulfate soils produces a plethora of environmental and economic 
problems. Amongst the most noticeable and publicised of these are fish kills, which 
may be caused by the formation and mobilisation of monosulfidic black ooze (MBO) 
which has the potential to rapidly reduce the dissolved oxygen content of the water 
(Fyfe 2001; Sullivan and Bush 2002; Bush et al 2004a, b). They may also result from 
the release of substantial quantities of acid and heavy metals into the aquatic 
environment (White et al 1993; Corfield 2000).  
 
In additional to fish kills the oxidation of acid sulfate soils may also affect fish health. 
Repeated flows of acid increase the susceptibility of fish to fungal infections which 
may lead to diseases such as epizootic ulcerative syndrome, also known as red spot 
disease (Plate 1.1) (Callinan et al 1996). They may also cause reduced hatching, 
declines in growth rates, bone deformities and egg abnormalities (Leadbitter 1993; 
Sammut et al 1993). The oxidation of acid sulfate soils also affects fish populations 
indirectly by impacting on food resources, causing habitat degradation and releasing 
toxic levels of heavy metals, particularly aluminium into the waterways (Plate 1.2) 
(Sammut et al 1995; Russell and Helmke 2002; Powell and Martens 2005; Claff et al 
2011).  
 
Economic impacts associated with the oxidation of acid sulfate soils include soil 
toxicity due to the release of acid and heavy metals (Rassam et al 2001), low nutrient 
availability (White and Sammut 1995) and damage to engineering structures 
(Bloomfield and Coulter 1973; Blunden and Indraratna 2000). The severity and range 
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of impacts associated with acid sulfate soils suggest that research into their occurrence 
and remediation should be a management imperative.  
 
 
Plate 1.1. The effect of ‘Red Spot’ disease on fish (Source: Sammut and Lines-
Kelly 2000). 
 
 
Plate 1.2. Blue-green acid water in the Richmond River indicates aluminium is 
present in the water (Source: Sammut and Lines Kelly 2000). 
 
10 
 
Iron Sulfide Minerals 
 
Iron sulfide minerals occur as either monosulfides or disulfides, with the distinction 
made on the basis of their volatility in non-oxidising acids (Rickard and Morse 2005). 
Monosulfides or acid volatile sulfur (AVS) species, comprise pore-water sulfides and 
a suite of metastable iron sulfide minerals such as amorphous sulfides (FeS0.89 – 
FeS0.91), mackinawite (tetragonal FeS0.94) (Schoonen and Barnes 1991; Wong et al 
2013), and ferrimagnetic greigite (FeS1.33) (Rickard et al 1995; Morse and Rickard 
2004; Burton et al 2006c). Disulfide species include pyrite (cubic FeS2) and marcasite 
(orthorhombic FeS2) (Morse and Cornwell 1987). Pyrite is the most abundant iron 
sulfide mineral in soils and sediments as it is the most thermodynamically stable 
(Schoonen and Barnes 1991; Bush and Sullivan 2002; Burton et al 2006c; Burton et 
al 2011a, b).  
 
Formation of Iron Sulfide Minerals 
 According to Melville et al (1993) and Goldhaber (2004) the formation of iron 
sulfides is dependent upon the following specific requirements: 
 a continuous supply of sulfate 
 generally anaerobic conditions alternating in time and space with limiting 
aeration 
 chemically reducing microbes 
 a large supply of metabolisable organic matter 
 an adequate supply of iron 
 tectonic stability 
 the removal of carbonates formed during pyrite production 
 
Formation of Iron Monosulfides 
The formation of iron monosulfides begins as iron (III) oxides in the sediment and 
sulfates in water are bacterially reduced to produce iron (II) ions and dissolved sulfide 
(H2S, S
2-
, HS
-
) (Berner 1964, 1970; Dent and Pons 1993; Sammut et al 1996b; 
Valdermarsen et al 2009). Such a reaction can only occur under intensely reducing 
 11 
 
conditions and is greatly enhanced if significant quantities of organic matter are 
available to provide the bacteria with an energy source. In saturated sediment, the free 
oxygen is rapidly consumed and anaerobic bacteria turn to other compounds such as 
sulfates to act as electron acceptors (Raisewell 1982; Mulvey and Willett 1996). 
Equation 1.1 represents the reduction of sulfate by bacteria. According to Andrews et 
al (2000) organic matter is commonly represented by the generalised formula for 
carbohydrate, CH2O. 
 
2CH2O(s) + SO4
2-
(aq)  H2S(g) + 2HCO3(aq) Equation 1.1 
Hydrogen Sulfide Pathway 
According to the order of reduction sequence (Mulvey and Willett 1996), iron (III) 
oxides are reduced before sulfates. This means that soluble ferrous iron (Fe
2+
) is likely 
to be present when sulfate is reduced to dissolved sulfide. When the structure of the 
soil prevents its release, the dissolved sulfide can react with the soluble Fe
2+
 ions to 
produce insoluble ferrous sulfides. The initial iron sulfide produced is amorphous iron 
monosulfide (Equation 1.2). This direct precipitation reaction has been termed the 
‘hydrogen sulfide pathway’ by Rickard et al (1995).   
 
Fe
2+
(aq) + H2S(g)  FeS(mono)(s) + 2H
+
(aq)
 
 Equation 1.2 
The Bisulfide Pathway 
Another competing reaction mechanism for the formation of iron monosulfides is the 
‘bisulfide pathway’, which involves the formation of the complex FeSH+ and the solid 
Fe(SH)2 (Rickard et al 1995) (Equation 1.3).  
 
Fe
2+
(aq) + 2HS
-
(aq)  Fe(SH)2(s)  Equation 1.3 
 
In the second stage of this reaction, Fe(SH)2 is condensed to FeS with the release of 
dissolved sulfide back to solution (Equation 1.4). 
 
Fe(SH)2(s)  FeS(mono)(s) + H2S(aq) Equation 1.4 
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The dominant mechanism in the formation of iron monosulfides will depend on the 
total dissolved sulfide concentration, iron concentration, pH and temperature (Rickard 
et al 1995; Burton et al 2006d; Boman et al 2008; Keene et al 2011).  
 
Formation of Pyrite 
Monosulfides are unstable minerals and will readily transform to more stable disulfide 
species (Hunger and Benning 2007; Rickard and Luther 2007). The process by which 
this occurs has been well researched and several reaction mechanisms have been 
proposed. The first of these has been dubbed the ‘polysulfide pathway’ and involves 
the reaction between iron monosulfides and polysulfides.  
  
The Polysulfide Pathway 
The polysulfide pathway was originally proposed by Rickard (1975) and later 
confirmed and refined by Luther (1991). According to this mechanism the dissolution 
of FeS (or an FeSH
+
 complex) produces soluble Fe
2+
 and HS
-
. The dissolved sulfide 
then attacks and reduces the polysulfide ions to produce FeS2 according to the 
following reaction (Equation 1.5). 
 
Fe
2+
(aq) + S5S
2-
(aq) + HS
-
(aq) → FeS2(s) + S4S
2-
(aq) + H
+ 
(aq) Equation 1.5 
 
Research by Howarth and Teal (1979) suggested pyrite formed rapidly via the direct 
precipitation of iron and polysulfides. Luther (1991) however, demonstrated that 
when polysulfides react with Fe
2+
, the first product produced is FeS, which on further 
reaction with polysulfides formed a dissolved complex, [FeSH(Sx)]
-
. This complex 
then breaks down producing FeS2 (Rickard et al 1995).  
 
Hydrogen Sulfide Pathway 
The second mechanism for pyrite formation is termed the ‘hydrogen sulfide pathway’. 
This mechanism, initially demonstrated by Taylor et al (1979), involves the reaction 
of iron (II) monosulfides with H2S (Equation 1.6).  
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FeS(mono)(s) + H2S(aq) → FeS2(aq) + H2(aq)   Equation 1.6 
 
This reaction may be of particular interest to the early evolution of life since the 
reaction produces a potent reductant, H2, which is biochemically important. Hydrogen 
is an important microbial metabolite and its generation may have been significant in 
early ecosystems (Rickard and Luther 1997).  
 
The Iron Monosulfide Oxidation Pathway 
The last reaction mechanism considered to be responsible for pyrite formation has 
been dubbed the ‘iron monosulfide oxidation pathway’. This progressive oxidation 
mechanism was confirmed by the careful experimental work of Schoonen and Barnes 
(1991). They found that pyrite or marcasite formed from the increasing sulfidation of 
the precursor iron monosulfide. In the first instance, amorphous iron monosulfide 
(FeS0.89 – FeS0.91) aged to mackinawite (FeS0.94). According to Rickard et al (1995) 
the rate of transformation is slow, possibly taking up to 2 years for the complete 
conversion.  
 
The second stage involved the conversion of mackinawite to greigite (FeS1.33). This 
may occur with the addition of elemental sulfur (Equation 1.7) however Schoonen and 
Barnes (1991) considered the conversion more likely to take place with aqueous 
sulfur species such as hydrogen sulfide (Equation 1.8), bisulfide, polysulfides, 
thiosulfate and polythionates acting as sulfur sources. This reaction only takes place 
under slightly oxidising conditions.  
 
3FeS0.94(aq) + S
0
(aq) → FeS1.33(aq)  Equation 1.7 
3FeS0.94(aq) + HS
-
(aq) + 1/2O2(g) + H
+
(aq) → FeS1.33(s) + H2O(aq)  Equation 1.8 
 
The final stage in this reaction is the conversion of greigite to pyrite. According to 
Schoonen and Barnes (1991) this conversion required a major crystallographic 
reorganisation of both iron and sulfur and the transformation to marcasite was more 
likely. Marcasite will then change to the stable pyrite through a solid state 
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transformation (Rickard et al 1995). The conversion of greigite to pyrite was also 
challenged by Burton et al (2011a) when it was found the reactants could be spatially 
decoupled in a soil profile following tidal inundation.  
 
Oxidation of Acid Sulfate Soils 
 
Iron sulfide minerals are generally considered inert while they remain in a chemically 
reduced state below the water table (Melville and White 2000). Once these minerals 
are exposed to air by a drop in the water table or otherwise, oxygen enters the soil 
profile and they begin to oxidise. As pyrite is the most abundant iron sulfide mineral 
in acid sulfate soil environments it is also the largest source of potential acidity 
(Burton et al 2008; Boman et al 2010; Claff et al 2011). As the following equation 
shows, the initial oxidation of one mole of pyrite to produce Fe
2+
 produces 2 moles of 
acid (Andrews et al 2000) (Equation 1.9). 
 
2FeS2(s) + 7O2(g) + 2H2O(l) → 2Fe
2+
(aq) + 4SO4
2-
(aq) + 4H
+
(aq) Equation 1.9 
 
Fe
2+
 can be transported a considerable distance from the original pyrite source where 
it can further oxidise to ferric iron (Fe
3+
) producing iron oxyhydroxide and hydroxide 
flocs that coat benthic communities and stream banks (Sammut et al 1996a; Isaacson 
et al 2009; Burton et al 2010). This reaction also produces 2 moles of acid for every 
mole of Fe
2+
 oxidised (Andrews et al 2000) (Equation 1.10). 
 
4Fe
2+
(aq) + O2(g) + 10 H2O(l) → 4Fe(OH)3(s) + 8H
+
(aq)  Equation 1.10 
 
At neutral or alkaline pH conditions oxygen is the dominate oxidant (Morse 1991) and 
the rate of pyrite oxidation is relatively slow (Mulvey and Willett 1996). Once the pH 
falls to less than 4, Fe
3+
 becomes the predominant pyrite oxidant and the rate of 
oxidation is accelerated by the action of iron-oxidising bacteria such as 
Acidithiobacillus ferrooxidans. These bacteria can accelerate the oxidation of Fe
2+
 by 
a factor of >10
6
 (Singer and Stumm 1970). The bacterially catalysed oxidation of 
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pyrite through the indirect oxidation of Fe
3+
 is described in the Equation 1.11 (Dent 
1986). 
 
FeS2(s) + 14Fe
3+
(aq) + 8H2O(l) → 15Fe
2+
(aq) + 2SO4
2-
(aq) + 16H
+
(aq)  Equation 1.11 
 
Contemporary Pyrite Formation 
 
The oxidation of acid sulfate soils should not be considered a one-way process. In 
many acid sulfate soil landscapes, a change in conditions may allow the products of 
oxidation to be reformed into sulfides (Johnston et al 2009b; Keene et al 2010, 2011; 
Burton et al 2011a). Where sulfides have reformed in the past 20 years they are 
considered contemporary in nature. As an example, Rosicky et al (2002a, b) found 
pyrite reforming on the surface of acid sulfate soil scalds. In addition, Bolton et al 
(2002a) while working on an effluent reuse project at Byron Bay, northern New South 
Wales, Australia, found surface reformation after long term treatment with effluent. 
There is also extensive research regarding the contemporary formation and 
accumulation of monosulfides in drainage channels (Sullivan and Bush 2002; Bush et 
al 2004a, b; Smith and Melville 2004; Burton et al 2006c; Morgan et al 2012c). 
Recently, considerable contemporary sulfide accumulations have occurred following 
remediation with tidal inundation on a degraded acid sulfate soil landscape in northern 
Queensland, Australia (Johnston et al 2009b; Keene et al 2010, 2011; Burton et al 
2011a). 
 
Contemporary sulfide formation is a concern for managers of acid sulfate soils, 
particularly where it occurs at the surface. The surface portion of a soil profile is 
highly dynamic, affected by seasonal variations in water table height and rapidly 
changing environmental conditions. Where a slight change in conditions allows 
sulfides to reform, a similar change may allow them to begin oxidising again. 
Contemporary sulfide formations have also been identified at the oxidation boundary 
of an acid sulfate soil profile. Bush (2000) found evidence of pyrite reformation using 
sulfur isotope ratios, a technique that has received little attention in acid sulfate soil 
research.  
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Isotopes 
 
Isotopes are atoms of a given element that differ in the number of neutrons and 
therefore, have different masses. The symbol 
12
6C or simply 
12
C (read ‘carbon 
twelve’) represents the carbon atom with six protons and six neutrons. The number of 
protons, which is called the atomic number, is shown by the subscript. Since all atoms 
of a given element have the same atomic number, the subscript is often omitted. The 
superscript is called the mass number; it is the total number of protons plus neutrons 
in the atom. For example, some carbon atoms contain six protons and eight neutrons 
and are represented as 
14
C. The percentage of an isotope in a naturally occurring 
sample of an element is known as the percentage abundance of that isotope (Brown et 
al 2000).  
 
Isotopes may be either stable or radioactive. Stable isotopes do not decay through 
radioactive processes over time, whereas radioactive isotopes have limited life times 
and undergo a decay to form a different element. As an example, carbon has two 
stable isotopes (
12
C and 
13
C) and six radioactive isotopes (
9
C, 
10
C, 
11
C, 
14
C, 
15
C and 
16
C) (Ehleringer and Cerling 2002).  
 
Measuring and Reporting Stable Isotopes 
Stable isotopes can be measured using a Gas Isotope Ratio Mass Spectrometer 
(Werner and Brand 2001; Rickard 2012). The mass spectrometer consists of a source 
to ionize the gas, a flight tube with a magnet to deflect the path of the ionised gas and 
a detector system at the end of the flight tube to measure the different isotopic species. 
In the first instance the element of interest must be converted to a gas for introduction 
into the mass spectrometer. As it is introduced the gas is ionised by removal of an 
electron as the gas is bombarded by a source. As the gas then travels down the flight 
tube (under vacuum), the paths of light and heavy isotopic species are deflected 
differently by a magnet. Detectors positioned at the end of the flight tube measure the 
abundance ratios of the heavy and light isotopic species (Ehleringer and Cerling 
2002).  
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Stable isotope abundances are expressed as the ratio (R) of the two most abundant 
isotopes in the sample compared to the same ratio in an international standard. Results 
are typically presented in delta notation (δ) (Equation 1.12). 
 
δ = (Rsample / Rstandard – 1) x 1000  Equation 1.12 
 
Since the differences in ratios between the sample and standard are relatively small, 
they are expressed as parts per thousand (‰) deviations from the standard (Andrews 
et al 2000; Johnston 2011; Rickard 2012). 
 
Natural Variations in Stable Isotopes 
Given that isotopes of the same element have an identical number of electrons they 
interact with other elements in much the same way. The difference in mass 
attributable to the neutrons however, may result in fractionation during chemical, 
physical or biological processes (Emery and Robinson 1993; Brownlow 1996). 
Fractionation of stable isotopes occurs because the strength of the chemical bonds 
varies slightly with the mass of the isotope (Brownlow 1996; Hatzinger et al 2012). In 
general, the light isotope forms weaker bonds than the heavier isotope, requiring less 
energy to break the molecule in a chemical reaction (Emery and Robinson 1993; 
McConville et al 2000). This gives rise to the three types of isotopic fractionation 
seen in natural systems: 
1. equilibrium isotope effects – controlled by the differing thermodynamic 
properties of each isotope; 
2. vital or biological isotope effects – observed in certain organisms which 
produce mineral skeletons which are out of isotopic equilibrium with the 
water from which they form; 
3. kinetic isotope effects – arise because the lighter isotope reacts more 
rapidly than the heavier isotope (Emery and Robinson 1993; Habicht and 
Canfield 1997)  
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Sulfur Isotopes 
Sulfur has four stable isotopes and numerous radioactive isotopes. Table 1.1 shows 
the stable isotopes of sulfur and their percentage abundances. The international 
standard for the detection of sulfur is the Vienna Canon Diablo Triolite (VCDT). The 
original Canon Diablo Triolite (CDT) was prepared from the FeS phase of a large iron 
meteorite found at Meteor Crater, Arizona (Werner and Brand 2001). It was revealed 
however, that CDT was not sufficiently homogenous to continue as the primary 
reference material and was consequently replaced with VCDT, whose generally 
accepted ratio of 
34
S/
32S is 0.044151. Since the standard is defined as 0 ‰, samples 
enriched in 
34
S (i.e. ratios of 
34
S/
32
S that are greater than 0.044151) will have positive 
delta values and samples depleted in 
34
S (i.e. those with ratios of 
34
S/
32
S that are less 
than 0.044151) will have negative delta values (Bottrell et al 1994). More recently, a 
silver sulfide standard IAEA-S-1 with an assigned value of -0.3 ‰ has also been 
introduced (Hoefs 2009; Rickard 2012). 
 
Table 1.1. Isotopes of sulfur and their percentage abundances (Andrews et al 
2000; Berglund and Wieser 2011). 
 
Isotope Protons Electrons Neutrons % Abundance 
32
S 16 16 16 94.99 
33
S 16 16 17 0.75 
34
S 16 16 18 4.25 
36
S 16 16 20 0.01 
 
Fractionation of Sulfur Isotopes  
The process of bacterial sulfate reduction is an example of kinetic fractionation and 
the major cause for the natural variation in the isotopic composition of sulfur 
(Bottcher et al 1998; Wijsman et al 2001; Farquhar et al 2008; Stam et al 2011). 
Sulfate reducing bacteria use the reduction of sulfate ion to hydrogen sulfide for their 
metabolism. Fractionation occurs because the rate at which 
34
SO4
2-
 goes to H2
34
S is 
significantly slower than the rate at which 
32
SO4
2-
 goes to H2
32
S. Thus the result is 
light sulfide and heavy sulfate (Brownlow 1996; Wijsman et al 2001; Hatzinger et al 
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2012). The fractionation patterns in the sulfur cycle due to biological processes are 
shown in Figure 1.4.  
 
 
Figure 1.4. Fractionation patterns in the sulfur cycle due to biological processes. 
The isotope enrichment is indicated in the final and intermediate products. No 
fractionation is designated by N (Goldhaber and Kaplan 1974).  
 
The reduction of sulfate through dissimilatory processes can be summarised in the 
following four steps (Figure 1.5), although the actual pathway may be more 
complicated and might vary between bacterial species (Goldhaber and Kaplan 1974; 
Widdel and Hansen 1992; Farquhar et al 2007). 
 
 
Figure 1.5. Steps in the reduction of sulfate to sulfide where fractionation may 
occur (Habicht and Canfield 1997). 
 
There are several steps in this process where fractionation may occur. During step 1, 
the uptake of sulfate by bacteria, low or even positive fractionation values (3 ‰) may 
occur. The second step, the reaction of sulfate with ATP (adenosine triphosphate) to 
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form APS (adenosine-5’-phosphosulfate) proceeds without fractionation. Step 3, the 
reduction of APS to sulfite, and step 4, the reduction of sulfite to sulfide, may both 
produce a fractionation of 25 ‰ due to the splitting of S-O bonds. No fractionation is 
assumed during the backward reactions of steps 1, 2, and 3 (Habicht and Canfield 
1997; Bradley et al 2011).  
 
The overall isotope effect is the sum of the kinetic isotope effects from each step until 
the rate-limiting reaction is reached. The degree of isotope fractionation therefore, 
may depend on which step in the sulfate reduction pathway is rate-limiting (Rees 
1973). Factors that affect fractionations include specific rates of sulfate reduction, 
sulfate concentration, substrates and depositional environment, temperature, pH, 
bacterial species and growth conditions (Habicht and Canfield 1997; McConville et al 
2000).  
 
The distribution and fractionation of sulfur isotopes makes them an ideal tool in many 
scientific investigations. Sulfur isotopes have been used to obtain information about 
Earths geological history (Scheiderich et al 2010; Johnston 2011; Berndmeyer et al 
2012; Jones and Fike 2013), to understand microbial processes in sulfur cycling 
(Bradley et al 2011; Eckert et al 2011; Drake et al 2013) and to identify sulfate 
sources (Mayer et al 2010; Kilmister and Cartwright 2011) and assess groundwater 
contamination (Knoller et al 2005; Knoller and Schubert 2010; Wu et al 2011; 
Hartzinger et al 2012)  in hydrological studies (Farquhar et al 2010; Johnston 2011; 
Rickard 2012).  
 
Sulfur isotopes have also been used extensively in the study of sulfide ore deposits. 
Deposits that have similar δ34S values throughout, probably formed from homogenous 
solutions, the source of which may also be identified. Sulfur brought to the crust from 
the mantle would probably be lighter than biogenic sulfur mobilised from a 
sedimentary rock while sulfur deposited at high temperatures should show less 
fractionation between minerals than that deposited at low temperatures (Drake et al 
2013; Sahlstedt et al 2013). In general, deposits associated with igneous rocks display 
a narrow range of δ34S values that are close to zero. Other deposits formed as a result 
of metamorphism, sedimentation, or groundwater activity usually show a wider range 
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of δ34S values for a particular deposit (Sahlstedt et al 2013). For some deposits, the 
composition of the mineralising solutions was found to have changed with time, as 
indicated by regularly changing δ34S values found in samples with known age 
relationships (Brownlow 1996).  
 
Mazumdar et al (2012) examined diagenetic and paleoclimatic processes of Holocene 
sediments using sulfur isotopes in combination with reactive iron profiles. Their study 
showed diagenetic partitioning of sulfide into iron sulfide (pyrite) and organosulfur 
phases. Low δ34S signatures in the pyrite phase corresponded with high pyrite 
concentrations indicating early diagenetic pyritization near the sediment water 
interface. Conversely, high δ34S signatures combined with low pyrite concentrations 
was attributed to dominance of less or slowly reactive iron bearing minerals that 
resulted in late diagenetic pyritization (Mazumdar et al 2012). 
 
Zhu et al (2013) also used sulfur isotopes to examine the formation and burial of 
pyrite and organic sulfur in mud sediments.  Their study found low concentrations of 
acid volatile sulfur and pyrite which was attributed to sulfate reduction rates being 
limited by the availability of labile organic matter. A study by Stam et al (2011) also 
found sulfate reduction rates may be linked to organic matter availability and can also 
be affected by temperature and depth. Microbial sulfate reduction has also been 
studied by Bradley et al (2011) and Eckert et al (2011) in greater detail. 
 
A study by Knoller et al (2005) examined the source of sulfate in drinking water using 
sulfur isotopes. Their study identified three anthropogenic sources of sulfate including 
atmospheric sulfate, inorganic fertilizers and the dissolution of gypsum. These sources 
overlapped in their isotope signature and could not be individually distinguished. 
Sulfate from the oxidation of sedimentary sulfides however could be readily 
recognised by its negative isotope signature (Knoller et al 2005). 
 
A similar approach was employed by Mayer et al (2010) to identify sulfate in stream 
water in a catchment in Vermont, USA. Using sulfur isotopes in combination with 
hydrological and chemical approaches, their study indicated that the source of sulfate 
was related to changing hydrological conditions. During a wet period the sulfate 
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isotope values decreased by 13‰, indicating the presence of sulfates derived from the 
oxidation of secondary sulfides (Mayer et al 2010). 
 
Studies by Knoller and Schubert (2010) and Hatzinger et al (2012) employed sulfur 
isotopes to examine sulfur cycling and biodegradation in contaminated groundwaters. 
Sulfur cycling was also examined by Wu et al (2011) in a wetland constructed to treat 
contaminated groundwater. In other hydrological studies Kamyshny et al (2011) 
examined sulfur cycling and the role of bacterial sulfate reduction in the water column 
of a stratified sea water lake. In addition to examining a range of dissolved sulfur 
species, their study employed all four of the stable sulfur isotopes (i.e. 
32
S, 
33
S, 
34
S, 
and
 36
S) (Kamyshny et al 2011).     
 
Quadruple sulfur isotope studies were also utilised by Scheiderich et al (2010) and 
Johnston (2011) to examine biogeochemical processes and Earths surface evolution. 
Other recent techniques such as secondary ion mass spectrometry (SIMS) are being 
used to supplement conventional bulk-grain analysis and provide in situ sulfur isotope 
values on individual sulfide grains (Drake et al 2013; Sahlstedt et al 2013).  
 
Sulfur Isotopes in Acid Sulfate Soils 
Despite the regular adoption of isotopic studies in many related fields, they have 
received little attention in acid sulfate soil research. In 1992, Dowuona et al used 
sulfur and oxygen isotope data to determine the origin of soluble sulfate salts in 
Canada and the USA. Their study found a strong relationship between the δ34S of the 
sulfide and sulfate fractions at each of the sites examined and concluded that pyrite 
oxidation was the dominant mechanism for the source of sulfate salts.  
 
Dowuona et al (1992) also found the hydrolysis of jarosite was another contributing 
source of soluble sulfate. Similarities between the δ34S of pyrite and jarosite indicated 
pyrite oxidised to jarosite in situ without major fractionation. From this they 
concluded that by knowing the δ34S of jarosite, the isotopic composition of the pyrite 
from which it formed could be inferred.  
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Astrom and Spiro (2000) examined the isotope signature of dissolved sulfate in 40 
first and second order streams during a high flow event in mid-western Finland. Their 
study gave two populations of δ34S(sulfate) values with medians of -6.2 and +3.2 ‰. The 
first of these populations they attributed to the oxidation and mobilisation of 
32
S 
enriched sulfides in the acid sulfate soils.  
 
The second more positive population, Astrom and Spiro (2000) associated with 
secondary sulfide formation processes. The oxidation of isotopically negative sulfides 
produces sulfates that are also isotopically negative. When conditions are favourable, 
bacteria will preferentially reduce 
32
SO4
2-
 which is reprecipitated as sulfides. The 
removal of light sulfate by this process results in an abundance of isotopically heavy 
sulfate in the soil profile.  
 
A similar conclusion was reached by Bush (2000) by examining the greater 
enrichment of 
32
S in the sulfide fraction. By combining SEM analysis with sulfur 
isotope studies Bush (2000) confirmed secondary sulfide formation at the oxidation 
boundary of an acid sulfate soil in northern NSW. That study however, did not show a 
change in the δ34S of the sulfate fraction.  
 
Backlund et al (2005) developed an analytical procedure for the determination of 
sulfur species in acid sulfate soils. They tested the procedure by examining the sulfur 
isotope signature of various sulfur fractions at a site in western Finland. δ34S of the 
sulfide fractions were positive and ranged from +5.1 to +5.6 ‰. Organic sulfur was 
slightly lower with an average of +4.1 ‰. Backlund et al (2005) determined that the 
organic sulfur originated from assimilatory sulfate reduction which results in the δ34S 
being similar to δ34S of the sulfate in the growth medium. In combination with the 
δ34S of the sulfide fraction, the researchers were able to establish that the acid sulfate 
soils were deposited in a freshwater environment. 
 
In a study examining contemporary pedogenesis Johnston et al (2009b) used sulfur 
isotopes to identify the depth to which tidal inundation was impacting on an acid 
sulfate soil profile and consuming acidity. Their study found that prior to tidal 
inundation the δ34S of the soluble sulfate fraction was similar to the δ34S of the sulfide 
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fraction indicating the primary source of sulfate was the oxidation of pyrite. 
Following tidal inundation there was a shift in the δ34S of the sulfate fraction which 
reflected the input of isotopically heavier marine sulfate. This trend was only 
evidenced in the sulfuric horizons which indicated the tidal water was not reaching the 
underlying sulfidic materials.  
 
A recent study by Kilminster and Cartwright (2011) used sulfur isotopes in dissolved 
sulfate as a screening tool for assessing the impact of acid sulfate soils in Western 
Australia. An indicator was developed based on δ34S and chloride and sulfate 
concentrations that categorised samples into groups with similar isotopic influences 
(iso-groups). Signals of disturbed acid sulfate soils were identified in <5% of the sites 
examined but statistical analysis showed water quality had deteriorated at those sites. 
Their study suggested the δ34S values could be used to provide an early warning 
indicator for water affected by disturbed acid sulfate soils.   
 
Many factors can contribute to changes in the sulfur isotope signature. In particular 
sulfate concentration, sulfate reduction rates, substrates and depositional environment, 
and pH (Habicht and Canfield 1997; McConville et al 2000; Mazumdar et al 2007; 
Stam et al 2011) are likely to be an influence in acid sulfate soils. The purpose of this 
research is to expand the current knowledge base for the application of sulfur isotopes 
in acid sulfate soils.   
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Aim 
 
The overall aim of this thesis is to examine the use of stable sulfur isotopes to 
understand the geochemical processes occurring in a range of acid sulfate soil 
environments. 
 
Objectives 
 
The specific objectives of this thesis are: 
 
To establish a baseline for the use of stable sulfur isotopes in acid sulfate soils by 
examining the isotope signature of samples from different acid sulfate soil 
environments (Chapter 2).  
 
To examine the use of sulfur isotope ratios in understanding the geochemical 
processes operating in acid sulfate soils subject to remediation by lime assisted tidal 
exchange (Chapter 3). 
 
To examine the use of stable sulfur isotopes in water to identify sites where acid 
sulfate soils may be oxidising and discharging acidity into waterways (Chapter 4). 
 
To examine the use of sulfur isotope signatures to help understand the cycling 
between the sulfide and sulfate fractions of acid sulfate soil materials as they are 
being deposited (Chapter 5). 
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Chapter 2 
Stable sulfur isotopes in acid sulfate soils: Baseline 
studies for south-eastern Australia 
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Introduction 
 
Acid sulfate soil is the term used to describe soils or sediments that contain sulfide 
minerals (particularly pyrite) or the products of sulfide oxidation (Melville and White 
2000; Sullivan et al 2001). Acid sulfate soils affect significant portions of the 
Australian coastline (Sammut et al 1996a), particularly in New South Wales 
(Johnston et al 2003a; Burton et al 2006c; Claff et al 2011), Queensland (Russell and 
Helmke 2002; Powell and Martens 2005; Johnston et al 2011a, b) and Western 
Australia (Kilmister and Cartwright 2011; Morgan et al 2012a, b). The majority of 
acid sulfate soils occur in coastal embayments and estuaries where wave action is 
limited and sedimentation occurs (Yang 1997). Although the formation of pyrite 
continues today in estuarine environments, the majority of acid sulfate soils formed 
during the last sea level rise between 6000 and 10000 years ago (Powell and Martens 
2005). As the sea level rose it created a new coastline which was colonised by 
mangroves. This provided a source of organic matter that led to sulfate reduction and 
sulfide mineral formation and accumulation (Naylor et al 1998; Bouillon et al 2008; 
Fan et al 2012). Former mangrove forests extended in around 20 to 30 km from the 
current coastline, however a drop in sea level followed by terrestrial sedimentation 
has meant many of the sulfide accumulations have since been buried (Ferguson and 
Eyre 1996).  
 
Acid sulfate soils formed during the last sea level rise are typically dark grey, gel-like 
clays. They often contain remnants of decomposed organic matter and have a near-
neutral pH (Smith et al 2004; Powell and Martens 2005). Such soils are termed 
coastal clayey acid sulfate soils in this chapter. Samples of these soils were collected 
from Kempsey, McLeods Creek, Shark Creek and the Tuckean Swamp.  
 
Following the drop in sea level many coastal backswamp areas became influenced by 
freshwater runoff which created shallow water environments where peat sediments 
could accumulate (Bush et al 2002a). Peat soils are dominated by slowly 
decomposing plant material (Anderson et al 2013) and are another common soil type 
in acid sulfate soil landscapes (Allery 2002). Peat acid sulfate soils differ from clayey 
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acid sulfate soils in that they are generally acidic (pH <5.5), have a large buffering 
capacity and high permeability. Coastal peats may contain either fresh or brackish 
water depending on the amount of freshwater runoff and the degree of isolation from 
tidal water (Dellwig et al 2002). Coastal peat acid sulfate soils studied in this chapter 
were collected from Byron Bay, Boggy Creek and Bora Codrington. 
 
Another common environment for the formation of iron sulfides is in drainage 
channels associated with acid sulfate soil landscapes (Fyfe 2001; Sullivan et al 2002; 
Burton et al 2009). In these drainage channels sediments referred to as monosulfidic 
black oozes (MBO) accumulate in large quantities (Sullivan and Bush 2001; Bush et 
al 2004a, b). These sediments contain very high concentrations of iron monosulfides 
which are highly reactive and can oxidise rapidly (Smith 2004). They are also 
extremely gel-like with up to 90% water content and can cause a significant drop in 
dissolved oxygen in the water column when disturbed (Sullivan and Bush 2000, 2001; 
Fyfe 2001; Sullivan et al 2002).   
 
Iron monosulfides are considered a necessary precursor for the formation of pyrite 
(Berner 1984; Burton et al 2006c). However in many drainage channels associated 
with acid sulfate soils, the abundance of reduced iron in relation to sulfate means 
monosulfides form in preference to pyrite (Rickard et al 1995; Mulvey and Willett 
1996; Burton et al 2006a, b; Keene et al 2010, 2011; Johnston et al 2011b). MBO 
accumulates in drainage channels during periods of low flow, however they are 
readily mobilised during flood events and have been linked to significant fish kills in 
northern New South Wales (Sullivan and Bush 2002; Smith 2004). Coastal MBO 
samples were collected from drains at Boggy Creek and the Tuckean Swamp.  
 
Iron sulfide minerals in the form of monsulfides and pyrite have been found in many 
inland areas of New South Wales, South Australia and Victoria (Fitzpatrick et al 
1993; Isaacson et al 2009). Inland acid sulfate soils are associated with the increasing 
salinisation that is causing severe degradation across Australia. In South Australia, 
inland acid sulfate soils are associated with dryland salinity, often caused by the 
replacement of native vegetation with annual pastures and crops. These crops cannot 
utilise enough of the rainfall resulting in increased recharge to groundwater and 
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higher water tables. This brings salts in the soil closer to the surface thereby providing 
a source of sulfate for the formation of iron sulfides (Fitzpatrick et al 1993; Peck 
1993).  
 
In New South Wales and Victoria, inland acid sulfate soils are linked to irrigation 
activities. Irrigation has led to an increase in sulfate concentrations in the freshwater 
rivers and water ways. This provides a source of sulfate and leads to the formation of 
iron sulfides (Sullivan et al 2002). One of the principle differences between coastal 
and inland acid sulfate soil environments is the ratio of monosulfide to pyrite 
formation. In a study by Maher (2005), monosulfide:pyrite ratios ranged from 0.001 
to 0.354 for coastal acid sulfate soil with the highest value recorded at the surface of a 
remediated acid sulfate soil scald. Gagnon et al (1995) considered a 
monosulfide:pyrite ratios of between 0.3 and 1.6 to be relatively high. Five of the 
inland sites recorded values within this range but at Leonards Lane the ratio was over 
double the upper value. In inland environments the very low sulfate concentrations 
associated with predominately fresh water means sulfate supply limits the formation 
of pyrite and allows the accumulation of monosulfides relative to disulfides such as 
pyrite (Boman et al 2008; Isaacson et al 2009; Morgan et al 2012c). Inland MBO 
samples were collected from New South Wales in the Murrumbidgee Irrigation Area 
(Calabria Road, Leonards Lane), in central New South Wales on the Talbragar River 
near Dubbo (Boomley), in the Hunter Valley of New South Wales (Widden) and in 
northern central Victoria in the Loddon River Basin (Piccaninny Creek and Barr 
Creek).    
 
The environment that existed when acid sulfate soils formed is often imprinted on 
their geochemical properties. For example, the production of organic acids often gives 
peat acid sulfate soils a naturally lower pH than clay sediments (Dent 1986). In 
addition, the sulfate and iron concentration can determine the species and relative 
abundance of the iron sulfide minerals that form (Rickard et al 1995; Mulvey and 
Willett 1996; Tulau 2000; Burton et al 2006a, b; Keene et al 2010, 2011; Johnston et 
al 2011b). This affects the stability of the sulfides given that monosulfides are far 
more reactive than disulfide species (Sullivan et al 2002; Burton et al 2006b; Burton 
et al 2011a, b).    
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The formation and oxidation of acid sulfate soils can be further understood using 
stable sulfur isotopes. Sulfur isotopes have been used as tracers of sources, mixing 
processes and transformations of sulfur compounds (Stam et al 2011), to determine 
the formation environment of sulfide ores, differentiate between mantle sulfur and 
sedimentary sulfur and separate high and low temperature sulfur deposits (Brownlow 
1996; Canfield 2004). The natural variation and fractionation of stable sulfur isotopes 
has made them an ideal tool in many geochemical studies (Bottcher et al 1998; 
Bottcher and Lepland 2000; Wijsman et al 2001; Mazumdar et al 2007; Mayer et al 
2010). 
 
Fractionation of stable isotopes occurs because the strength of the chemical bonds 
varies slightly with the mass of the isotope. In general, the light isotope forms weaker 
bonds than the heavier isotope, requiring less energy to break the molecule in a 
chemical reaction. The principle reaction in the formation of acid sulfate soils is the 
reduction of sulfate to produce H2S (Dent and Pons 1993; Sammut et al 1996b; 
Burton et al 2011a, b). This bacterially mediated process results in kinetic 
fractionation because the rate at which 
34
SO4
2-
 goes to H2
34
S is significantly slower 
than the rate at which 
32
SO4
2-
 goes to H2
32
S. Thus the result of such fractionation is 
lighter sulfide and heavier sulfate (Brownlow 1996).  
 
Some of the factors that affect the degree of fractionation include sulfate 
concentration, sulfate reduction rates, substrates and depositional environment, 
temperature, pH, bacteria species and growth conditions (Habicht and Canfield 1997; 
McConville et al 2000; Farquhar et al 2007; Stam et al 2011). Many of these factors 
are likely to vary under the different acid sulfate soil formation environments that 
have been identified. This suggests stable sulfur isotopes may provide valuable 
insights into the geochemistry of acid sulfate soils and acid sulfate soil landscapes.  
 
Aim 
 
The aim of this chapter is to establish a baseline to examine stable sulfur isotopes in 
acid sulfate soils in south-eastern Australia. This study will also relate any observed 
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changes in the sulfur isotope signatures to different processes occurring in acid sulfate 
soil environments. These include coastal clay and peat dominated sediments, coastal 
monosulfidic black oozes and inland acid sulfate soils. In this study the term baseline 
is used to refer to the first or preliminary investigation into the use of sulfur isotopes 
in a range of acid sulfate soil environments. 
 
Methodology 
Sample collection and preparation 
Sediments analysed for this study were collected from a variety of locations 
representing both coastal and inland acid sulfate soil environments. The sites were 
selected to allow a comparison between contemporary and ancient sediments as well 
as different environments during formation. The coastal sites included 7 acid sulfate 
soil sites (4 clay dominated and 3 peat dominated) and 2 monosulfidic black ooze 
samples from drainage channels (Figure 2.1a). Inland samples consisted of 
monosulfidic black ooze from 6 sites (Figure 2.1b).  
 
 
Figure 2.1a. Google Earth image showing coastal acid sulfate soil sampling sites. 
Coastal MBO samples were also collected from Boggy Creek and the Tuckean 
Swamp. 
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Figure 2.1b. Google Earth image showing inland acid sulfate soil sampling sites.  
 
Coastal sediment samples were collected using a Russian D-Section corer. At each 
site 2–3 replicate cores were taken and cut into depth increments. Replicate 
increments were combined in thick plastic bags to form a homogenous composite. 
Bags were sealed and stored on ice for transport to the laboratory and then frozen.  
 
Coastal MBO samples were collected with a sleeve corer to maintain the stratigraphy 
of the profiles. As with the sediment samples, replicate cores were taken and stored on 
ice for transport to the laboratory. At the laboratory the cores were placed in the 
freezer for approximately 3 hours to ‘firm up’ slightly without freezing through. They 
were then cut into depth increments and replicate sub-samples combined to form a 
composite of each depth. The composites were then returned to the freezer.  
 
Surface accumulations of MBO were collected from the inland sites and placed in 
sealed plastic containers, purged with nitrogen, then stored on ice for transport to the 
laboratory. At the laboratory, the outer oxidised portion was removed and the 
remainder frozen. All analyses were conducted at Southern Cross University unless 
otherwise stated. 
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Background soil characteristics 
Moisture content 
Prior to freezing, a small amount of each sample was weighed for gravimetric 
moisture content determination (θg). These samples were placed in a fan-forced oven 
and dried at 105 °C for seven days, then reweighed (Rayment and Lloyd 2011). The 
moisture content of the soils dried to 65 °C for total carbon analysis was determined 
in the same manner. Where applicable results are calculated on an oven dried mass. 
 
pH & electrical conductivity 
pH was measured in a 1:5 soil:water suspension. For each depth increment, 6.00 g of 
frozen soil was placed in a centrifuge tube with 30 mL of Milli-Q water. The mixture 
was shaken for 1 hour then allowed to settle for 15 minutes. pH readings were taken 
using a calibrated Ionode IJ44 pH electrode. EC readings were also taken from the 
suspension using a calibrated TPS Conductivity Sensor. 
 
Total carbon  
For total carbon analyses, previously frozen soil was dried for 48 hours at 65 °C. The 
soil was then finely ground with a mortar and pestle. Total carbon analyses were 
conducted by LECO
TM
 CNS 2000 induction furnace analyser. The detection limit is 
0.01%. 
 
Water soluble sulfate 
Water soluble sulfate was extracted in a 1:10 soil:water suspension. In accordance 
with recommendations by Maher et al (2004) analyses were conducted on frozen soil. 
The samples were shaken for 1 hour and centrifuged for 5 minutes at 3000 rpm. The 
supernatant was extracted and filtered through a 0.45 µm filter and analysed by 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Duplicate 
analysis gave a precision of ±8% with a detection limit of 0.05 mg/L. 
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Acid volatile sulfur  
Acid volatile sulfur (AVS) was determined using the procedure adopted by the Acid 
Sulfate Soil Laboratory Methods Guidelines (Ahern et al 2004). Approximately 10 g 
of frozen soil or 5 g of frozen ooze was weighed into a 200 mL conical flask. A vial 
containing 15 mL of 20% zinc acetate trapping solution was gently placed in the flask. 
To the flask, 2 mL of ascorbic acid was added and the stopper loosely fitted. The flask 
was then purged with nitrogen gas for approximately 30 seconds. With the stopper 
firmly in place, a syringe was used to insert 15 mL of either 6 M HCl for soil samples 
or 9 M HCl for ooze samples. The flasks were then left for 24 hours to react.  
 
After 24 hours, the stopper was opened and the vial containing the trapping solution 
carefully removed. The contents of the vial were placed in a 100 mL Erlenmeyer 
flask. Approximately 1 mL of starch indicator and 15 mL of 6 M HCl was added. The 
solution was then titrated with iodine on a magnetic stirrer to a permanent blue end 
point. The molarity of the iodine solution was checked daily and a blank of the zinc 
acetate was titrated at the beginning of each sampling session. The amount of iodine 
used to titrate the blank and the samples was used to calculate the AVS content using 
the following formula: 
 
AVS (%S) =   (A – B) x C x 1600  Equation 2.1  
 Mass of soil (mg) 
Where: 
A = the volume of iodine (mL) used to titrate the soil sample 
B = the volume of iodine (mL) used to titrate the blank 
C = the molarity of the iodine solution as determined by titration of this 
solution with standardised 0.025 M sodium thiosulfate solution 
C = 0.025 x titration volume of standard thiosulfate solution (mL) 
Volume of iodine solution titrated (mL) 
Duplicate analysis gave a precision of ±8% with a detection limit of 0.001 %S 
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Chromium reducible sulfur 
In accordance with recommendations by Maher et al (2004), chromium reducible 
sulfur (CRS) analyses were performed on frozen soil using the method of Sullivan et 
al (2000). At the commencement of each sampling session a blank of chromium metal 
was completed as well as a daily check of the molarity of the iodine solution.  
 
According to this method frozen soil was weighed into a reaction vessel. 2.059 g of 
chromium metal powder and 10 mL of ethanol (95% concentration) were added. The 
flask was swirled to wet the sample then placed on the heating mantle and connected 
to the condenser. A Pasteur pipette was attached to the outlet tube at the top of the 
condenser and inserted into a 100 mL Erlenmeyer flask containing 40 mL of zinc 
acetate trapping solution. The nitrogen gas flow rate was adjusted to obtain a bubble 
rate in the zinc acetate of approximately 3 bubbles per second, then the system was 
allowed to purge for approximately 3 minutes before 60 mL of 5.65 M HCl was 
added. The system was purged for an additional 2 minutes then the solution was 
brought to the boil and allowed to digest for 20 minutes.  
 
At the completion of the digest the Erlenmeyer flask was removed and any zinc 
sulfide on the Pasteur pipette washed into the flask with Milli-Q water. To the flask, 1 
mL of starch indicator solution and 20 mL of 5.65 M HCl were added and gently 
stirred on a magnetic stirrer. The trapping solution was titrated with iodine to a 
permanent blue endpoint. The concentration of CRS was then calculated as follows: 
 
CRS (%S) =   (A – B) x C x 1600  Equation 2.2 
 Mass of soil (mg) 
Where: 
A = the volume of iodine (mL) used to titrate the soil sample 
B = the volume of iodine (mL) used to titrate the blank 
C = the molarity of the iodine solution as determined by titration of this 
solution with standardised 0.025 M sodium thiosulfate solution 
C = 0.025 x titration volume of standard thiosulfate solution (mL) 
Volume of iodine solution titrated (mL) 
Duplicate analysis gave a precision of ±9% with a detection limit of 0.001 %S. 
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Isotope analysis 
Sulfur isotope analyses were conducted on the AVS, CRS and soluble sulfate 
fractions of selected samples. To extract the sulfide fractions, additional AVS and 
CRS runs were performed. The trapping solutions were vacuum filtered through a 
0.45 µm cellulose acetate filter, rinsed repeatedly with Milli-Q water then allowed to 
air dry.  
 
The soluble sulfate fraction was extracted for isotope analysis by shaking a 1:5 
soil:water suspension for 1 hour. Care was taken throughout the extraction procedure 
to limit the oxygen exposure. The Milli-Q water used in the suspension was 
deoxygenated by purging with nitrogen for 30 minutes prior to use and the centrifuge 
tubes were completely filled with water then capped to prevent oxygen being 
incorporated into the solution. The suspension was centrifuged then filtered through a 
0.45 µm syringe filter into a solution of 1 M barium chloride, precipitating the sulfate 
as barium sulfate. The precipitate was rinsed several times with Milli-Q water then 
oven dried. 
 
Extracted sulfides and sulfates were submitted to the Environmental Isotope 
Laboratory, Sydney, Australia. Barium sulfate (mixed with vanadium pentoxide) and 
zinc sulfide precipitates were combusted in a tin cup using a Roboprep Elemental 
Analyser (EA) attached to a Finnigan 252 Mass Spectrometer (MS). Samples were 
analysed relative to an internal gas standard and calibrated using international 
standards IAEA-S1 (δ34S = -0.3 VCDT) and NBS-127 (δ34S = +20.3 ‰ VCDT). 
Replicate analysis gave an error of ±0.3 ‰.  
 
Isotope ratios are reported relative to the Vienna Canyon Diablo Triolite (VCDT). 
Fractionation was calculated as the difference in isotope ratio between the sulfate and 
sulfide values. For example, if the δ34S of the sulfate was +20 ‰ and the sulfide was -
10 ‰, the fractionation would be 30 ‰. In this chapter fractionation was calculated as 
the difference between the sulfate and sulfide from both the soluble sulfate and from a 
generally accepted seawater sulfate value. The sulfur isotope composition of seawater 
is constant throughout the world’s ocean but has varied between +10 ‰ to +30 ‰ 
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through geological time (Claypool et al 1980). According to Bottcher et al (2004), 
δ34S for modern seawater sulfate is +20.6 ‰ and this value has been adopted.  
 
Results and Discussion 
 
The sites selected in this study have been grouped into 4 categories (coastal clay acid 
sulfate soils, coastal peat acid sulfate soils, coastal monosulfidic black ooze and 
inland acid sulfate soils). Kempsey, McLeods Creek, Shark Creek and Tuckean 
Swamp represent coastal clayey acid sulfate soils (Category 1). Byron Bay, Boggy 
Creek and Bora Codrington are classified as coastal peat dominated acid sulfate soils 
(Category 2). The distinction between clay and peat acid sulfate soils is based on the 
total carbon concentration. Soils with layers containing greater than 30% total carbon 
are classified as peat acid sulfate soils. Soils with less than 30% total carbon as 
considered clay acid sulfate soils. Category 3 is comprised of coastal monosulfidic 
black ooze samples collected from drainage channels in the Tuckean Swamp and 
Boggy Creek. Category 4 represents the inland acid sulfate soil samples. Each of these 
categories provided widely differing environmental conditions during the formation of 
sulfides.  
 
Coastal clay acid sulfate soils 
Kempsey (30°55’19.38”S, 152°58’4.91”E), McLeods Creek (28°18’0.00”S, 
153°18’0.00”E), Shark Creek (29°31’57.36”S, 153°12’40.60”E), Tuckean Swamp 
(28°58’1.20”S, 153°22’9.12”E) samples represent coastal clay dominated acid sulfate 
soils. Although each of these sites display a spike in total carbon concentrations at the 
surface, these accumulations are the result of contemporary vegetation rather than an 
indicator of the environment in which the acid sulfate soils were laid down. The 
remainder of the profile is clay dominated, hence their classification.  
 
Kempsey 
The Kempsey site is located on an 880 acre cattle farm. At the time of sampling, the 
site was overlain by approximately 30 cm of water and a thick vegetation layer had 
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established. According to the property owner the site had previously contributed to 
one of the worst acid sulfate scalds in the country (R Yerbury pers comm. 2003). The 
soi characteristics for this site are presented in Figure 2.2. As these graphs indicate 
there is a considerable accumulation of sulfides at the surface of the profile 
accompanied by an increase in pH. Given the site was previously scalded, these 
sulfides are considered to be contemporary accumulations formed since water flooded 
the site (Rosicky et al 2002a, b, 2004). The established vegetation is contributing to 
the increased total carbon levels recorded at the surface. During repeated cycles of 
wetting and drying the vegetation establishes and dies off contributing to the carbon 
levels in the soil. Once anaerobic conditions are established this organic matter is used 
as a food source for sulfate reducing bacteria and iron sulfides are formed (Habicht 
and Canfield 1997; Stam et al 2011).  
 
 
Figure 2.2. Selected soil properties for the Kempsey site including pH, electrical 
conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium reducible 
sulfur (CRS) and water soluble sulfate (SO4).   
 
The stable sulfur isotope results for the Kempsey site are displayed in Table 2.1. 
Isotope ratios for the sulfide fractions at this site are negative and show a maximum 
fractionation from seawater sulfate of 49.17 ‰. These values are consistent with 
fractionation due to bacterial sulfate reduction (Bottcher and Lepland 2000; Stam et al 
2011). According to Goldhaber and Kaplan (1974) the extent of fractionation due to 
bacteria preferentially metabolising isotopically lighter sulfate is highly variable. 
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Values between 0 and -50 ‰ have been measured, although sulfide is commonly 25 
‰ to 50 ‰ lighter than the precursor sulfate (Emery and Robinson 1993; Bruchert 
1998; Wijsman et al 2001). 
 
Table 2.1. δ34S of the AVS, CRS and soluble SO4 fractions at Kempsey. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S AVS 
(‰) 
δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from 
SS (‰) 
Overlying 
water 
- - -18.0   
0–5 -19.0 -20.1 -2.7 40.7 17.4 
60–80 - -28.6 -17.3 49.2 11.3 
160–180 - -18.3 -16.4 38.9 1.9 
 
The isotopic signature of the sulfates in the 60–80 cm and 160–180 cm zones are 
similar to the sulfide signatures. Assuming minimal fractionation during oxidation 
(Taylor et al 1984; Balci et al 2007), these isotopic signatures indicate the sulfates in 
these zones are derived from the oxidation of sulfides and are not sourced from either 
brackish tidal water or rainwater containing seawater aerosols (Bridgman 1989; 
Kilminster and Cartwright 2011). A similar situation was recorded by Bush (2000) for 
the Tuckean Nature Reserve and McLeods Creek. At all three sites it is interesting to 
note that the enrichment of soluble sulfate in 
32
S continued below the oxidation 
boundary. This is perhaps due to oxidation processes that operated as the sediments 
were laid down or due to diffusion through the profile (Rosicky et al 2000).  
 
Recent work corroborates the potential of sulfur isotopes in tracing the source of 
sulfate (Mayer et al 2010; Unland et al 2012). Dold and Spangenberg (2005), using 
isotopes of sulfur and oxygen, also concluded water soluble sulfate resulted from the 
oxidation of pyrite in mine tailings. In addition, their study was able to differentiate 
the isotopic signature of sulfate derived from pyrite oxidation from the isotopic 
signature of primary sulfate dissolution. In acid sulfate soil environments, this type of 
finding may be used to determine the contribution pyrite oxidation makes to the 
sulfate concentration of surface and ground water as well as in waterways. It may also 
be used to track the source of sulfate to the site of oxidation. 
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In the 60–80 cm zone there is a greater enrichment in 32S in CRS compared to either 
the surface layer or the 160–180 cm layer. Given this layer is where the oxidation 
front occurs in this profile, the greater enrichment in 
32
S is likely due to sulfur cycling 
processes. Several authors have reported small fractionations occurring during the 
oxidative part of the sulfur cycle (Jorgensen 1990; Canfield and Thamdrup 1994; 
Habicht and Canfield 1997; Bruchert 1998). Canfield and Thamdrup (1994) and 
Habicht and Canfield (1997) found that disproportionation of elemental sulfur during 
repeated oxidation cycles enabled sulfides to become more enriched in 
32
S than would 
be possible with sulfate reducing bacteria alone. Jorgensen (1990) drew a similar 
conclusion for the disproportionation of thiosulfate. The fractionation of elemental 
sulfur and thiosulfate, while producing an enrichment of 
32S of between 7.0 ‰ and 8.9 
‰ in the sulfides, also produces an enrichment of 34S of between 12.6 ‰ and 16.7 ‰ 
in the sulfates (Canfield and Thamdrup 1994). Given that the δ34S of the sulfate at the 
Kempsey site is not enriched in 
34
S, these fractionation processes are unlikely to 
dominate.  
 
At this site, the greater fractionation at the oxidation front may have resulted from the 
oxidation of 
32
S enriched sulfides to produce 
32
S enriched sulfates. As these 
isotopically lighter sulfates are reduced the light isotope is again preferentially 
incorporated causing further 
32
S enrichment in the resulting sulfides. A similar 
decrease in δ34S values was recorded by Bush (2000) at the oxidation boundary of the 
McLeods Creek acid sulfate soil profile.  
 
The sulfate in the overlying water at this site was isotopically similar to the sulfates at 
depth. This value of -18.0‰ is well outside the range of present freshwater sulfate (+5 
to +15‰) determined by Holser and Kaplan (1966) (Figure 2.3). This is undoubtedly 
due to the sulfates in these waters being derived from the oxidation of the underlying 
sulfidic materials. This result clearly shows that δ34S of fresh water cannot be 
assumed to be 10 ‰ ± 5 ‰ without verification, especially in coastal acid sulfate soil 
landscapes.  
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Figure 2.3. Summary of δ34S ranges for sulfur from various terrestrial materials 
(Holser and Kaplan 1966).  
 
The δ34S of the sulfate in the surface soil layer at Kempsey (-2.2‰) is less negative 
than either the layer below (-17.3‰) or the overlying water (-18.0‰) and quite 
different to the δ34S of the sulfide fractions (-20.1‰). Given this is a zone of active 
sulfide formation the comparatively less negative value is likely due to 
32
S 
incorporation into the sulfide fraction. When isotopically light sulfate is removed 
from the pool the remaining sulfate becomes increasingly heavier (Brownlow 1996; 
Wijsman et al 2001; Farquhar et al 2008). 
 
The similarities between the δ34S for the AVS and CRS at this site suggest they were 
formed at approximately the same time under similar conditions (Wijsman et al 2001; 
Fan et al 2012). It should be noted however, that the sulfides were not extracted with 
a sequential extraction procedure and that the CRS fraction includes the AVS fraction.   
 
The strong consistently negative δ34S CRS values recorded at the Kempsey site are an 
example of a system that is open with respect to sulfate supply. Soils in this area form 
part of the Seven Oaks Soil Landscape and comprise Holocene estuarine sediments 
(Enginuity Design 2003). At this site seashells were abundant in the estuarine clay at 
depth. Since the early 1900s ‘improvements’ to the area restricted the inflow of 
seawater and the site became predominantly freshwater influenced (Enginuity Design 
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2003). This meant the major source of sulfate replenishment was cut off and the area 
became less open. A fresh supply of sulfate may still be transported to the site from 
seawater aerosol and rainfall. The primary source of sulfate however, is the oxidation 
of sulfides. Sulfate transported to the site by overland flow from within the catchment 
may have a varied isotopic composition reflecting both sources. This may further 
explain the slightly negative δ34S SO4 value in the surface layer.  
 
McLeods Creek 
McLeods Creek is a right bank tributary which joins the Tweed River approximately 
4.5 km downstream of Tumbulgum, near Tweed Heads in northern New South Wales. 
The creek forms part of the McLeods Creek – Main Trust Canal Acid Sulfate Soil Hot 
Spot for which a remediation plan has been developed and implemented (Cibilic 
2003a). The main land use is sugar cane production which required the land to be 
extensively drained (Smith et al 2003; Green et al 2006). Historically, the area has 
been subjected to significant acid discharges from the high density drainage network 
(Easton 1989). 
 
According to Figure 2.4, McLeods Creek contains actual acid sulfate soil layers 
between 60 cm and 110 cm where pyrite is actively oxidising. This is overlying 
potential acid sulfate soils layers which are not oxidising. Similar results were 
recorded by van Oploo (2000) for the same site.  
 
The stable sulfur isotope signatures for McLeods Creek are displayed in Table 2.2. 
Throughout the profile δ34S for the CRS fraction are negative and show a maximum 
fractionation from seawater sulfate of 43.20 ‰. These values are similar to the 
Kempsey profile and indicate the sulfides formed from the reduction of an abundant 
seawater sulfate source (Bottcher and Lepland 2000; Fan et al 2012).  
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Figure 2.4. Selected soil properties for the McLeods Creek site including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
 
There is a significant increase in the enrichment of 
32
S in the 110–120 cm layer 
compared with the 90–100 cm layer. This layer corresponds with the upper zone of 
the oxidation boundary between actual and potential acid sulfate soils. In this zone the 
redox conditions may cycle between oxidising and reducing which means isotopically 
light sulfate may be utilised in the reformation of sulfides (Bruchert 1998; Wijsman et 
al 2001). A similar pattern was recorded by Bush (2000) at this site and was attributed 
to a secondary accumulation of pyrite.  
 
Table 2.2. δ34S of the CRS and soluble SO4 fractions at McLeods Creek. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from  SS 
(‰) 
20–30 -9.0 -5.4 29.6 3.5 
60–70 - -7.1 - - 
70–80 -13.6 -6.7 34.2 6.9 
80–90 -10.5 -8.6 31.1 1.9 
90–100 -10.9 -7.4 31.5 3.5 
110–120 -22.6 - 43.2 - 
160–170 -16.5 -6.3 37.1 10.2 
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The δ34S of the sulfate fraction showed considerably less variation than the CRS 
fraction. However the values were all negative, which suggests the principle sulfate 
source in these sediments is the oxidation of pyrite. Again, as was seen in the 
Kempsey samples, the negative sulfate values continue below the oxidation boundary, 
suggesting either oxidation as they sediments were deposited or diffusion of the 
overlying oxidation products into the lower layers.  
 
Shark Creek 
Shark Creek is located approximately 35 km north east of Grafton in New South 
Wales on the lower Clarence River estuary (Johnston et al 2003a). Many of the 
background soil characteristics for Shark Creek (Figure 2.5) are quite similar to both 
Kempsey and McLeods Creek. There are slightly elevated (0.1 %S) CRS 
concentrations at 80–90 cm depth and a sharp increase in CRS after 120 cm depth.  
 
 
Figure 2.5. Selected soil properties for the Shark Creek site including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
 
The stable sulfur isotope signatures at Shark Creek (Table 2.3) are also similar to 
Kempsey and McLeods Creek. δ34S CRS are all negative, indicating sulfide formation 
from an abundant sea water sulfate source (McConville et al 2000; Wijsman et al 
2001; Stam et al 2011). In addition, δ34S SO4 is also negative and similar to the CRS 
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fraction suggesting the sulfate was derived from the oxidation of isotopically light 
sulfides (Mayer et al 2010; Kilminster and Cartwright 2011; Unland et al 2012).  
 
Table 2.3. δ34S of the CRS and soluble SO4 fractions at Shark Creek. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from  SS 
(‰) 
0–10 -12.4 -2.8 33.0 9.6 
10–20 -22.2 -5.1 42.8 17.1 
90–100 -17.3 -8.7 37.9 8.6 
100–110 -12.9 -8.4 33.5 4.5 
110–120 -14.6 -8.6 35.2 6.0 
170–180 -13.1 -6.0 33.7 7.1 
 
The principle difference between the isotope signatures at Shark Creek and the two 
previous sites is that the lowest CRS value does not correspond with the oxidation 
front. At this site the lowest δ34S CRS occurs in the 10–20 cm layer, however the soil 
characteristics indicate that the oxidation front is occurring much deeper in the profile. 
According to Figure 2.5, there is a very slight increase in AVS concentration in the 
upper soil layers. These reformed sulfides may be contributing to the high δ34S of the 
CRS which represents both monosulfide and disulfide fractions. There is also a slight 
bump in the CRS concentration in the 80–90 cm layer. This layer is more isotopically 
negative then the layer below which could also be attributed to contemporary sulfide 
reformation (Bush 2000). 
 
Tuckean Swamp 
The Tuckean Swamp is located on the lower Richmond River floodplain in northern 
New South Wales. It comprises an area of approximately 5000 ha with a catchment of 
approximately 22 000 ha (Sammut et al 1996a). Tuckean Swamp is dissected by an 
extensive artificial drainage system, which has modified the natural drainage pattern 
(Sammut et al 1995). Hagley (1996) suggested this drainage has resulted in 
approximately 3000 ha becoming strongly acidic with another 1000 ha having the 
potential to become acidic.  
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Drainage of the Tuckean Swamp has caused significant oxidation of the underlying 
acid sulfate soils (Burton et al 2006a; Wong et al 2010; Claff et al 2011). This site 
recorded the lowest pH values and the highest pyrite concentrations for this study 
(Figure 2.6). These results suggest that although the site is already degraded, if not 
managed correctly there is still enormous potential for environmental damage.    
 
There are several features to consider in the isotope signatures recorded for the 
Tuckean Swamp (Table 2.4). Between 80 and 120 cm δ34S (CRS) are not as enriched 
in 
32
S as the three previous sites. These less negative values are most likely a function 
of the depositional environment when the sulfides were formed. The fractionation 
values still fall within the range expected for bacterial sulfate reduction, however the 
source of sulfate may not have been as abundant as the other sites (Farquhar et al 
2008; Stam et al 2011). At this site there may have been some influence from fresh 
water or it may have only received intermittent tidal water. According to Zaback and 
Pratt (1992) lower fractionation can result if the sulfate supply is limited or sulfate 
reduction rates are increased. 
 
 
 
Figure 2.6. Selected soil properties for the Tuckean Swamp site including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
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δ34S in the sulfate fraction is consistent throughout the Tuckean Swamp profile. 
Between 80 and 120 cm the δ34S SO4 is similar to the δ
34
S of the CRS fraction 
indicating they have likely resulted from the oxidation of pyrite. In the surface layer 
and the 170–180 cm depth layer the δ34S of the CRS fraction varies significantly. 
 
Table 2.4. δ34S of the CRS and soluble SO4 fractions at Tuckean Swamp. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from  SS 
(‰) 
0–10 -20.5 -4.4 41.1 16.1 
80–90 -2.1 -2.2 22.7 -0.1 
90–100 -2.5 -2.5 23.1 0.0 
100–110 -4.8 -2.4 25.4 2.4 
110–120 -4.1 -2.5 24.7 1.6 
170–180 12.4 -2.8 8.2 -15.2 
 
At the surface of the Tuckean Swamp δ34S CRS is considerably more enriched in 32S 
than the underlying layers. This result is probably due to sulfide reformation 
processes. Although the sulfide concentration in this layer is only 0.03% it is still 
higher than the layers below. The greater fractionation during reformation is 
indicative of isotopically light sulfate being used during sulfate reduction (Bruchert 
1998). A similar value (-20.09 ‰) was recorded at the surface of the Kempsey profile 
where sulfide reformation was much higher. 
 
In the deepest layer examined at this site the δ34S (CRS) was positive. A study by 
Bush (2000) also showed a sharp change in the pyrite isotope signature for Tuckean 
Swamp from -15 ‰ at 1.5 m depth to +25 ‰ at 1.8 m depth. At 2.3 m depth Bush 
(2000) recorded +50 ‰ for δ34S (CRS). According to that study hydrothermal pyrite 
often has a δ34S value of >40 ‰ (McKibben and Eldridge 1989) but diagenic pyrite 
enriched to these levels has not previously been reported. A more detailed study of 
these zones in the Tuckean Swamp is warranted.  
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Coastal peat dominated acid sulfate soils 
Byron Bay (28°37’8.48”S, 153°24’21.60”E), Boggy Creek (29°8’22.84”S, 
153°21’43.22”E) and Bora Codrington (29°2’16.50”S, 153°13’31.40”E) represent 
acid sulfate soils that exhibit a peat layer where total carbon levels exceed 30%.  
 
Byron Bay 
The Byron Bay site is located on a 24 hectare site adjacent to the West Byron Sewage 
Treatment Plant in northern New South Wales. The site is underlain by a 1.5 m peat 
layer, embedded midway with a pyrite layer (Bolton et al 2002a). The Byron Shire 
Council has adopted an environmental management strategy that combines effluent 
reuse with acid sulfate soil management and Melaleuca wetland regeneration for the 
site (Bolton 2001; Bolton et al 2002b). Since commencement of the project in 
November 2001, nearly 500 000 Melaleuca seedlings have been planted on the site. 
 
Seedlings are irrigated with tertiary treated effluent, which is used to manage acid 
sulfate soils in two ways. Firstly, the alkaline effluent (pH ~ 8.0) buffers existing acid 
products, increasing the pH of the groundwater. Secondly, it maintains water levels 
above the pyrite layer, preventing oxidation and the subsequent production of acid 
products (Bolton et al 2002a). Samples were collected from the area designated as 
Site 7, which receives regular irrigation with effluent.  
 
As part of a previous study significant pyrite concentrations of >1% were recorded on 
the surface of the site after long term treatment with tertiary treated effluent (Bolton et 
al 2002a). During the current study, concentrations at the surface were only 0.163%, 
which is considerably less than the value recorded previously for the same site (Figure 
2.7). This suggests that at the time of sampling, the site was relatively dry and that the 
surface sulfides that formed after treatment with effluent were oxidising.  
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Figure 2.7. Selected soil properties for the Byron Bay site including pH, electrical 
conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium reducible 
sulfur (CRS) and water soluble sulfate (SO4).   
 
The relatively high pH in the surface layer is probably due to the application of the 
alkaline effluent (Bolton et al 2001), however it may also provide further evidence of 
reformation processes, given pyrite formation is an acid consuming process (Rosicky 
et al 2004). The very low pH values throughout the remainder of the profile may 
result from acidic oxidation products diffusing down the profile (Rosicky et al 2000) 
and the naturally acidic conditions often associated with peat soils (Bush et al 2004).  
AVS concentrations at the Byron Bay site are consistently low. This was true even 
during periods when sulfides were reforming on the surface and the CRS was high, 
such as during the previous study (Bolton et al 2002a). Such low concentrations 
indicate the conditions are more conducive to pyrite formation than to AVS 
accumulation (Gagnon et al 1995; Burton et al 2011a, b; Johnston et al 2011b, 2012). 
 
Unfortunately, there was insufficient sample to extract enough sulfate and sulfide for 
isotope analysis for all zones of interest. It was hoped the isotope data would show 
whether the tertiary treated effluent was providing a sulfate source and enabling the 
reformation of sulfides on the surface. The negative values of the layers that were 
examined represent a fractionation from seawater sulfate of 22.34 ‰ in the 100–110 
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cm layer and 27.96 ‰ in the 170–190 cm layer (Table 2.5). As with the Kempsey site, 
these fractionation values fall within the range expected for bacterial sulfate reduction 
(Emery and Robinson 1993). 
 
Table 2.5. δ34S of the CRS fraction at Byron Bay. Fractionation is calculated 
between δ34S CRS and seawater SO4 (SWS = 20.6 ‰).  
 
Depth (cm) δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from SWS 
(‰) 
0–5 - -  
100–110 -1.5 - 22.1 
140–150 -7.2 - 27.8 
 
The degree of fractionation from seawater sulfate was not as strong at Byron Bay 
when compared to the depth samples at Kempsey. The high degree of organic matter 
at Byron Bay may have a positive influence on the rate of bacterial sulfate reduction, 
which according to Habicht and Canfield (1997), often results in lower fractionations 
being recorded.  The δ34S values for the Byron Bay CRS fraction indicate an 
environment that is less open than Kempsey with respect to sulfate supply (Bloch and 
Krouse 1992). 
 
Boggy Creek 
The Boggy Creek site is located adjacent to Bungawalbyn Creek approximately 10 
km south of Coraki in northern New South Wales. The primary use for the property is 
tea-tree production, however sheep and cattle are also present. The Boggy Creek 
drainage system is part of the Sandy Creek – Bungawalbyn Creek Acid Sulfate Soil 
Hot Spot, indicating it is a priority area for acid sulfate soil management. The current 
management program for the site involves active floodgate management and the use 
of dropboards (Cibilic 2003a).  
 
According to the soil characteristics for Boggy Creek (Figure 2.8), appreciable CRS 
concentrations were not encountered until approximately 70 cm depth, which is where 
the oxidation front is occurring. Like the Byron Bay site, this site was dominated by 
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peat sediments from 10 cm to 150 cm, which may explain the consistently low pH 
levels throughout the profile.  
 
 
Figure 2.8. Selected soil properties for the Boggy Creek site including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
 
Isotope ratios for the CRS and soluble sulfate fractions are displayed in Table 2.6. 
Fractionation of the CRS has been calculated from both a known seawater sulfate 
value and from the corresponding soluble sulfate value. In contrast to the Byron Bay 
site, the δ34S of the sulfide fraction at Boggy Creek were positive. Maximum 
fractionation from seawater sulfate was 10.79 ‰ which, although low, still falls 
within the range for bacterial sulfate reduction (Goldhaber and Kaplan 1974; Bottcher 
et al 1997).  
 
The fractionation between the CRS and soluble sulfate however, was only 3.09 ‰. 
These values highlight the differences that may occur between fractionation values 
calculated from a known seawater sulfate value and from soluble sulfate values. In 
many acid sulfate soil landscapes, the degree of seawater influence may be limited, 
non-existent or unknown. As such, the use of the soluble sulfate values in 
fractionation calculations is likely to be more indicative of the precursor sulfate 
source.  
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Table 2.6. δ34S of the CRS and soluble SO4 fractions at Boggy Creek. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from  SS 
(‰) 
0–10 - 13.0   
90–110 9.8 12.9 10.8 3.1 
170–190 10.5 - 10.1  
 
At Boggy Creek the δ34S of the sulfate fraction indicates a closer association with 
freshwater sulfate, which according to Holser and Kaplan (1966) (Figure 2.3), 
typically range between +5 ‰ to +15 ‰. The influence of freshwater at this site is 
further supported by the abundance of peat which is usually associated with 
freshwater or brackish environments (Dellwig et al 2002; Bush et al 2004).  The 
reduced concentration of sulfate in fresh or brackish water may lead to the positive 
δ34S values recorded in the sulfide fraction at this site, however the extremely high 
rates of sulfate reduction often associated with high levels of organic matter may also 
be a factor (Farquhar et al 2008; Stam et al 2011; Morgan et al 2012c). 
 
The Boggy Creek sulfate was enriched in 
34S by an average of 12.95 ‰. This value 
corresponds with δ34S values recorded by Mandernack et al (2000) for soluble sulfates 
in wetland peats. In contrast to Boggy Creek however, Mandernack et al (2000) 
recorded δ34S values for sulfide species of between -8.7 ‰ and -19.6 ‰.  
 
Bora Codrington 
The Bora Codrington site is located 12 km west of Woodburn in New South Wales; 
approximately 18 km north west of Boggy Creek. Both sites are detailed in the Sandy 
Creek – Bungawalbyn Creek Acid Sulfate Soil Remediation Concept Plan (Cibilic 
2003b). The main land use in this area is cattle grazing (Allery 2003). The peat zone 
at this site is much thinner than either Boggy Creek or Byron Bay. The peat sediments 
were extremely moist which may contribute to pyrite reformation in these layers. 
Soluble sulfate concentrations are also considerably higher than the other peat sites 
examined, particularly between 130 and 160 cm depth (Figure 2.9).  
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Figure 2.9. Selected soil properties for the Bora Codrington site including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
 
The isotope signatures for Bora Codrington show a range of both positive and 
negative values (Table 2.7). At the deepest layer the δ34S for the CRS was quite 
negative and indicative of sulfide formation from the reduction of sea water sulfate 
(Wijsman et al 2001; Stam et al 2011). These sediments were likely deposited during 
the last sea level rise before the area was cut off from tidal influence (Mazumdar et al 
2012).  
 
Table 2.7 δ34S of the CRS and soluble SO4 fractions at Bora Codrington. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from  SS 
(‰) 
0–10 5.6 11.3 15.0 5.7 
80–90 -7.4 12.5 28.0 19.9 
90–100 -6.4 12.7 27.0 19.1 
110–120 9.9 11.4 10.5 1.5 
120–130 10.8 10.6 9.8 -0.2 
170–180 -17.4 7.3 38.0 24.7 
 
Between 110 and 130 cm depth δ34S in the CRS fraction is very similar to the values 
recorded at Boggy Creek and are more likely associated with fresh water sulfate 
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where closed systems and limited sulfur supply exists (Fan et al 2012). It is likely 
sediments in this zone were deposited after the sulfate supply became restricted. 
According to Bloch and Krouse (1992) and Habicht and Canfield (1997) minimal 
fractionation between sulfate and sulfide occurs when the sulfate supply is limited or 
when the sulfate reduction rate exceeds supply. This could have been the case 
following a drop in the sea level which limited the tidal influence and meant sulfate 
was primarily derived from fresh water. Under these conditions bacteria will initially 
uptake the light sulfate but as the supply diminishes they will continue to utilise the 
heavy sulfate as well. If the entire supply of sulfate is reduced, the sulfides will have 
the same isotope signature as the precursor sulfate (Gautier 1985).  
 
Between 80 and 100 cm δ34S CRS is again negative. These layers correspond with the 
highest levels of total carbon which would facilitate increased sulfate reduction rates 
(Kristensen and Alongi 2006; Farquhar et al 2008). Given there is an abundant supply 
of sulfate in these layers, the negative δ34S values are indicative of contemporary 
sulfide reformation (Bruchert 1998). Reformed sulfides would be formed from two 
sulfate sources; the freshwater sulfate and sulfate derived from the oxidation of pyrite. 
While the original pyrite formed in these layers may have carried a positive isotope 
signature, repeated cycles of oxidation and reduction have resulted in contemporary 
pyrite being isotopically negative.  
 
In the surface layer, δ34S in the sulfide fraction is positive. This signature may indicate 
relic pyrite that has not oxidised, however it is more likely to indicate more recently 
reformed pyrite. If the pyrite is reformed, the positive signature may be a function of 
limited sulfate supply (as described in the soil characteristics) or increased sulfate 
reduction rates  due to the abundant supply of organic matter (Kristensen and Alongi 
2006; Farquhar et al 2008).  
 
Coastal monosulfidic black ooze samples 
Coastal MBO samples were collected from drainage channels at Boggy Creek 
(29°8’22.84”S, 153°21’43.22”E) and Tuckean Swamp (28°58’1.20”S, 
153°22’9.12”E). Samples were collected with a sleeve corer to maintain profile 
stratigraphy.  
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Boggy Creek MBO 
Boggy Creek MBO samples were collected from within a drainage channel on the 
same property as the Boggy Creek soil samples. The samples were black and 
gelatinous and appeared to be monosulfidic black ooze. It was a surprise therefore, 
when the AVS concentrations were very low, particularly in the upper layers of the 
profile (Figure 2.10). Soluble sulfate concentrations were obviously sufficient to 
allow the transfer of AVS to pyrite as evidenced by the extremely high concentrations 
of CRS throughout the profile (almost 200 times the actionable limit; Ahern et al 
2000).  
 
As with the Boggy Creek soil profile, the Boggy Creek MBO δ34S values were all 
positive (Table 2.8). At this site however, there was considerable variation in results 
throughout the profile. At the surface and between 50 and 55 cm depth, the isotope 
values for sulfate fall within the range of freshwater sulfate. In the 20–25 cm layer, 
sulfate is more depleted in 
34
S and falls just outside the lower freshwater sulfate range 
(Holser and Kaplan 1966) with a δ34S value of 4.76 ‰.  
 
 
Figure 2.10. Selected soil properties for the Boggy Creek MBO including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
 
56 
 
The slightly less positive value recorded for the δ34S (CRS) fraction in the 20–25 cm 
layer corresponds with the highest CRS concentration (6%). While sulfide 
concentration does not have a direct effect on fractionation, a greater degree of 
cycling between oxidative and reductive phases may cause a stronger depletion in 
34
S 
(Canfield and Thamdrup 1994; Bruchert 1998; Mazumdar et al 2012).  
 
Table 2.8. δ34S of the CRS and soluble SO4 fractions for the Boggy Creek MBO. 
Fractionation is calculated between δ34S CRS and seawater SO4 (SWS = 20.6 ‰) 
and soluble SO4 (SS = δ
34
S SO4). 
 
Depth (cm) δ34S CRS (‰) δ34S SO4 (‰) Fract. from 
SWS (‰) 
Fract. from  SS 
(‰) 
0–5 8.8 14.4 11.8 5.6 
20–25 2.8 4.8 17.8 2.0 
50–55 12.3 10.0 8.3 -2.3 
 
In the 50–55 cm layer the δ34S CRS was slightly higher than the soluble sulfate. There 
are limited occurrences in the literature where this phenomenon is reported, but it is 
suggested sulfide formed from organic sulfur may be a few per mille (‰) heavier than 
the organic sulfur source (Emery and Robinson 1993; Fan et al 2012). This is an area 
that would benefit greatly from a more detailed investigation.  
 
Tuckean Swamp MBO 
The primary regulatory structure for the Tuckean Swamp is the Bagotville Barrage, an 
eight-cell floodgate installed in 1971 to reduce periodic inundation by tidal influence 
(Hagley 1996). The barrage was constructed along a large drain commonly referred to 
as Hendersons Drain. Monosulfidic black ooze was sampled from this drain 
approximately 500 m upstream from the Barrage near a permanent weather station.   
 
There has been considerable research regarding the occurrence and mobility of MBO 
along Hendersons Drain in the Tuckean Swamp (Fyfe 2001; Sullivan et al 2002). 
Unlike the Boggy Creek drain, at this site AVS was detected throughout the entire 
profile with considerable accumulations occurring in the upper layers (Figure 2.11). 
Generally the Tuckean Swamp MBO profile contains greater concentrations of iron 
and lower soluble sulfate compared to the Boggy Creek MBO. Such conditions are 
 57 
 
conducive to the formation of AVS rather than pyrite (Gagnon et al 1995; Burton et al 
2011a, b; Johnston et al 2011b, 2012). 
 
 
Figure 2.11. Selected soil properties for the Tuckean Swamp MBO including pH, 
electrical conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium 
reducible sulfur (CRS) and water soluble sulfate (SO4).   
 
The isotopic ratios of the AVS, CRS and soluble sulfate fractions for the Tuckean 
Swamp are displayed in Table 2.9. At this site the isotopic composition of the AVS 
and CRS fractions showed both positive and negative values down the profile. In the 
5–10 cm and 15–20 cm layers the AVS and CRS fractions were isotopically similar, 
however in the 40–45 cm layer the two fractions show considerable variation. The 
δ34S of the soluble sulfate in this deep layer also showed a greater enrichment in 34S 
than seawater sulfate and causes a higher fractionation from the CRS. 
 
Table 2.9. δ34S of the AVS, CRS and soluble SO4 fractions for the Tuckean 
Swamp MBO. Fractionation is calculated between δ34S CRS and both seawater 
SO4 (SWS = 20.6 ‰) and soluble SO4 (SS = δ
34
S SO4).  
 
Depth (cm) δ34S AVS 
(‰) 
δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from 
SS (‰) 
5–10 -2.0 -5.0 - 25.6  
15–20 4.0 2.3 - 18.3  
40–45 16.8 -6.3 24.6 26.9 30.9 
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The isotopic ratios of the sulfide fractions at this site ranged from -6.26 ‰ to +16.8 
‰. This variation is possibly a function of the accretionary nature of drain sediments. 
In 2001, Hendersons Drain in the Tuckean Swamp was flooded and a considerable 
portion of the MBO were mobilised downstream by the floodwater (Fyfe 2001). 
When the water levels receded the floodgates where closed and MBO began to re-
accumulate in the drains. At this time the primary water input into the system was 
freshwater runoff from the catchment. In 2003, prior to these samples being collected, 
the floodgates were opened and seawater flowed into the drainage channel. This 
sequence of events may have affected the depositional environment under which the 
Tuckean Swamp MBO formed and may have contributed to the isotope variations. 
 
Although the exact depth of MBO that was removed during the flood cannot be 
determined, it may have been eroded down to where the marine clay dominates the 
profile at approximately 20–25 cm depth. During the time between the flood in 2001 
and the opening of the floodgates in 2003, the MBO that formed would have utilised 
sulfate from a freshwater sulfate source, that is, runoff from the catchment, and the 
resulting sulfides would have a lower degree of fractionation (as evidenced by the 
Boggy Creek MBO). However in 2003, with the opening of the floodgates, the system 
would have changed from freshwater dominated to seawater dominated and the MBO 
that formed after this time would reflect this sulfate source and have recorded greater 
levels of fractionation. It is reasonable to expect that over time the δ34S values of the 
sulfide fraction at this site will become increasingly negative as sulfate is regularly 
replenished by the inflowing seawater and lighter isotopes are preferentially 
incorporated into sulfides.  
 
Such a large variation between the AVS and CRS fraction in the 40–45 cm layer 
suggests the fractions formed under different conditions (Bruchet 1998; Fan et al 
2012; Mazumdar et al 2012). During periods when sulfate supply is limited, lower 
fractionations will occur (Habicht and Canfield 1997). Such periods would also 
favour the formation of AVS in preference to CRS (Johnston et al 2009b; Keene et al 
2010, 2011; Burton et al 2011a, b). However, when conditions change and sulfate 
becomes readily available, CRS will form with greater fractionation. Pyrite formed 
under these conditions may contain sulfur that is representative of both the lesser 
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fractionation stage and the greater fractionation stage (Butler et al 2004). This two 
stage process may explain why the δ34S of the CRS in the 40–45 cm layer at this site 
is not as depleted in 
34
S as the CRS at the Kempsey site.  
 
Inland acid sulfate soils 
Inland acid sulfate soil samples were collected from Calabria Road (34°16’34.35”S, 
146°4’51.42”E), Leonards Lane (35°1’51.67”S, 148°7’8.42”E), Boomley 
(32°5’35.18”S, 149°7’10.85”E), Widden (32°31’40.18”S, 150°21’52.73”E), 
Piccaninny Creek (36°29’51.88”S, 144°28’41.83”E) and Barr Creek (35°48’30.19”S, 
144°13’31.55”E). In many respects the inland sites represent contrasting 
environments to the coastal acid sulfate soils examined. In particular, the inland sites 
had monosulfide:pyrite ratios considerably higher than many coastal sites (Maher 
2005). Gagnon et al (1995) considered a monosulfide:pyrite ratio of between 0.3 to 
1.6 to be relatively high. Five of the inland sites recorded ratios within this range but 
at Leonards Lane the ratio was over double the upper range. Other soil characteristics 
for the inland sites are displayed in Figure 2.12. 
 
 
Figure 2.12. Selected soil properties for the Inland sites including pH, electrical 
conductivity (EC), total carbon, acid volatile sulfur (AVS), chromium reducible 
sulfur (CRS) and water soluble sulfate (SO4). Sites include (from left to right) 
Calabria Road, Leonards Lane, Boomley, Widden, Piccaninny Creek and Barr 
Creek. 
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The isotopic ratios of the inland sites varied markedly from those recorded at the 
coastal sites (Table 2.10). With the exception of Boomley and Leonards Lane 
(insufficient sample quantity for analysis), sulfate in the inland samples were strongly 
positive with δ34S values greater than seawater sulfate. At these sites, sulfate may be 
derived from weathering of gypsum and other minerals or from anthropogenic sources 
such as the application of fertilisers (Moncaster et al 2000; Kilminster and Cartwright 
2011). Identifying the source of sulfate at these sites may prove instrumental in the 
development of a management strategy to prevent further accumulations of sulfides in 
these environments.  
 
The δ34S of the sulfides in the inland samples also showed variations between sites. 
Three of the sites, Leonards Lane, Boomley and Barr Creek had positive δ34S values 
and may be displaying semi-closed system conditions either due to burial of the 
sediment or very rapid sulfate reduction rates. The other three sites, Calabria Road, 
Widden and Piccaninny Creek had negative δ34S signatures, suggesting a more open 
supply of sulfate. The sulfides at the inland sites were not as enriched in 
34
S as the 
Kempsey sulfides however, fractionation from the precursor sulfate is still 
considerably high.  
 
Table 2.10. δ34S of the AVS, CRS and soluble SO4 fractions for the Inland sites. 
Fractionation is calculated between δ34S CRS and both seawater SO4 (SWS = 
20.6 ‰) and soluble SO4 (SS = δ
34
S SO4).  
 
Site δ34S AVS 
(‰) 
δ34S CRS 
(‰) 
δ34S SO4 
(‰) 
Fract. from 
SWS (‰) 
Fract. from 
SS (‰) 
Calabria -8.6 -9.2 26.7 29.8 35.9 
Leonards 5.1 2.3 - 18.3  
Boomley 8.8 8.4 11.1 12.2 2.7 
Widden -12.4 -13.5 24.0 34.1 37.5 
Piccaninny -9.5 -7.5 29.1 28.1 36.6 
Barr Ck 4.4 3.0 26.0 17.6 23.0 
 
General Discussion 
Across each of the different environments there was considerable variation in the 
stable sulfur isotope signatures (Figure 2.13). In the clay dominated acid sulfate soil 
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sites δ34S in the sulfide fractions ranged from -28.6 ‰ to -2.1 ‰. All the values 
recorded were negative with the exception of the value recorded in the deepest layer 
at the Tuckean Swamp. δ34S of the sulfates were also negative and ranged from -17.3 
‰ to -2.2 ‰. 
 
The signatures at the peat dominated sites displayed both positive and negative values. 
Nearly all the δ34S CRS values ranged from -7.3 ‰ to +10.8 ‰. The only exception 
to this was the 170–180 cm clay sediment layer at Bora Codrington. Sulfate signatures 
from the peat sites were all positive and gave a δ34S range of +7.3 ‰ to +13.0 ‰.   
 
Samples collected from the inland sites gave a δ34S CRS range of -13.5 ‰ to +8.4 ‰ 
and a δ34S SO4 range of +11.1 ‰ to +29.1 ‰. δ
34
S CRS for both monosulfidic black 
ooze (MBO) samples fell within the range given for the peat sediments. The sulfate 
range for the Boggy Creek MBO was +4.8 ‰ to +14.4 ‰ extending the range of the 
peat sulfate slightly. Only one sulfate sample was analysed for the Tuckean Swamp 
MBO and it fell within the range given for inland sulfates.  
 
 
 
Figure 2.13. Range of δ34S values recorded in the sulfide (CRS) and sulfate 
fractions from the clay and peat dominated coastal acid sulfate soil and inland 
acid sulfate soil sites in eastern Australia. 
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The variations in the sulfide fractions can be attributed to the formation environment 
and the effect it has on sulfate supply and sulfate reduction rates (Bottcher and 
Lepland 2000; Stam et al 2011; Mazumdar et al 2012). Strongly negative δ34S CRS 
values are representative of environments in which sulfate is supplied more rapidly 
than it can be reduced (Bloch and Krouse 1992; Emery and Robinson 1993). Where 
the sulfate supply is continuously replenished, such as during tidal cycles, sulfate 
reducing bacteria preferentially incorporate the lighter isotope and δ34S values become 
increasingly negative (Goldhaber and Kaplan 1974). Such environments are referred 
to as being ‘open’ with respect to sulfate replenishment (Figure 2.14). In an open 
system preferential removal of 
32
S as sulfides does not significantly alter the isotopic 
composition of the remaining sulfate (McConville et al 2000). These open system 
conditions can be linked to the deposition and formation of clay dominated acid 
sulfate soils. 
 
 
 
Figure 2.14. Range of isotopic compositions of sulfur compounds in sedimentary 
basins (Emery and Robinson 1993). 
 
Where the sulfate supply is finite or when sulfate reduction exceeds supply, closed 
system conditions are said to exist (Zaback and Pratt 1992; Mandernack et al 2000). 
Under such conditions δ34S values become more positive and may show larger 
variations between samples (Bloch and Krouse 1992; Brownlow 1996). 
 
Closed system conditions may occur on any scale (McConville et al 2000). For 
example, enrichment in 
34
S may occur if the sediment pore-fluid cannot exchange 
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freely with the overlying water column or if the reservoir is restricted (Bloch and 
Krouse 1992). It may also occur if the sediments are buried and the rate of sulfate 
reduction is faster than the rate of supply (McConville et al 2000). If the system 
remains closed the precipitating sulfides will become progressively enriched in 
34
S. 
This may also be referred to as the ‘reservoir’ effect and may be described 
mathematically by the Rayleigh distillation equations (Goldhaber and Kaplan 1974; 
Emery and Robinson 1993; McConville et al 2000). If complete reduction of the 
sulfate occurs, the resulting sulfide will have the identical isotopic composition as the 
sulfate from which it was derived (Gautier 1985). 
 
Closed system conditions would have dominated during the formation of the peat acid 
sulfate soils. When the sea level dropped, back swamp areas became fresh water 
dominated and restricted the supply of sulfate from sea water. Supply was further 
limited as sediments were buried.  In addition, the accumulation of organic rich 
sediments may have significantly increased the sulfate reduction rate.  
 
At most of the sites examined there was an increased enrichment in 
32
S where 
contemporary sulfides were forming. At some sites this coincided with the oxidation 
boundary and at some sites it occurred in the upper soil layers. This increased 
enrichment was linked to the reduction of sulfate that was derived from the oxidation 
of existing sulfides. At many sites the oxidation of sulfides provided the dominant 
source of sulfate.  
 
At the clay dominated acid sulfate soil sites the δ34S CRS was generally more 
negative than the other environments examined. When these sulfides oxidise it 
produces sulfates that are also more negative than the other sites. As a result, when 
bacteria undertake sulfate reduction processes, they have a ready supply of 
isotopically negative sulfate which they utilise to produce sulfides. Repeated cycling 
of this process produces sulfides that are more enriched in 
32
S. 
 
The same process occurs at the peat sites however the initial sulfides that form in 
these environments are more likely to carry a positive δ34S signature. Oxidation of 
these sediments therefore, gives a positive δ34S sulfate signature as well. Although 
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bacteria will preferentially uptake the lightest sulfate the fractionation that results in 
the reformed sulfides may not be as great. Repeated cycles of oxidation and 
reformation however, should eventually produce negative δ34S signatures.  
 
The variations in the isotope signature of the sulfides could be further used to discern 
the provenance of sulfate in surface and ground water following oxidation. Sulfur 
isotopes have been used to identify and trace sulfate sources from the oxidation of 
sulfidic materials (Mayer et al 2010; Kilminster and Cartwright 2011; Unland et al 
2012) and this technique could be further developed to quantify the sulfate 
contributed from various environments into the surrounding waterways.  
 
The isotope signatures for the inland sites suggest another very different environment 
for the formation of acid sulfate soils. The δ34S signatures for sulfides were fairly 
similar to those recorded at the peat sites, however the sulfate δ34S signatures were 
considerably higher. The range of δ34S sulfide values recorded could not be 
definitively linked to the sulfate source since it was not identified in this study. At 
these sites sulfate is probably derived from the weathering of parent rocks or from 
anthropogenic sources but further study is needed to confirm this. 
 
Conclusion 
 
This study has indicated large and consistent differences in the stable sulfur isotopes 
of different classes of acid sulfate soil materials in south-eastern Australia. These 
observed changes in the sulfur isotope signatures were related to the different 
geochemical processes occurring in the varying environments of formation.  
 
Clay dominated acid sulfate soils deposited during the last sea level rise gave strongly 
negative δ34S signatures in both the sulfide and sulfate fractions. Peat dominated acid 
sulfate soils which form in more fresh water environments showed both positive and 
negative values in the sulfide fraction and only positive values in the sulfate fraction. 
The isotope signatures recorded in these different environments are linked to whether 
the environments were open or closed with respect to sulfate supply. The sulfate 
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supply in sea water was abundant and therefore negative isotope signatures were 
recorded in the clay sediments. The sulfate supply in the fresh water was more limited 
which resulted in positive sulfur isotope signatures recorded in the peat sediments. 
The MBO samples were similar to the peat sediments and also closely aligned with 
their respective soil samples. The inland samples also gave both positive and negative 
δ34S signatures in the sulfide fraction however the δ34S signature in the sulfate fraction 
was strongly positive indicating a very different source from the other sites.  
 
This study has clearly indicated stable sulfur isotopes can be used to provide valuable 
information on the nature of acid sulfate soil materials in south-eastern Australia, as 
well as on the likely geochemical environment of their formation. It also provides a 
basis from which to discern the provenance of sulfates in both surface and ground 
waters.  
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Chapter 3  
Understanding the geochemical processes in acid sulfate 
soils undergoing remediation, using stable sulfur isotopes 
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Introduction 
 
The CRC CARE National Acid Sulfate Soil Demonstration Site is located on the 
eastern side of Trinity Inlet, near Cairns in far north Queensland (145°48’ E, 16°56’ 
S; Figure 3.1). The site, simply referred to as East Trinity, comprises 940 ha of deeply 
stratified Holocene sediments overlying Pleistocene basement strata down to 80 m 
(Smith et al 2004). The far north Queensland climate is characterised by very humid, 
wet summers and mild relatively dry winters. The mean annual rainfall for Cairns is 
2223 mm and monthly temperatures range from a minimum of 16 °C in July and 
August to a maximum of 32 °C in December and January (Bureau of Meteorology 
2012).  
 
In the early 1970s the East Trinity property was developed for sugarcane production. 
This involved the construction of a bund wall to prevent tidal entry and the 
installation of pumps to assist with drainage of the intertidal wetland (Smith et al 
2004). Floodgates installed in the bund wall at the creek outlets allowed excess wet 
season water to escape more rapidly and reduced the period of inundation. The 
drainage program reduced water levels to approximately -0.6 to -0.8 m relative to 
mean sea level (Johnston et al 2009a).  
 
At the time of the development little was known of the impacts of acid sulfate soils 
and it was not until the early 1990s that acid sulfate soils were identified on the site, 
by which time considerable degradation had already occurred. The development of 
the site had a two-fold impact on the environment. Firstly, the drainage of the land 
lowered the natural water table and allowed oxygen to enter the soil. This initiated the 
oxidation of the acid sulfate soil materials, producing a variety of iron compounds and 
sulfuric acid. Secondly, the exclusion of tidal water from the site severely limited the 
areas ability to neutralise any acid that was produced and exacerbated the 
environmental degradation (Smith et al 2004). 
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Figure 15 Location of the East Trinity site (Powell and Martens 2005). 
 
The oxidation of acid sulfate soils at East Trinity produced an array of both on-site 
and off-site environmental problems. In particular, the disturbance of pyritic material 
produced sulfuric acid, which lowered the pH of the soil. This acid was then flushed 
into the surrounding creeks where the low pH water caused the mobilisation of iron, 
aluminium and other heavy metals. Often these extreme concentrations of acid and 
metals were discharged off-site into Trinity Inlet resulting in severely diminished 
populations of aquatic biota and significant fish kills (Russell and Helmke 2002; 
Smith et al 2004).  
 
The problem at East Trinity is indeed critical. Hicks et al (1999) estimated the 
property had produced 72 000 t of sulfuric acid since it was disturbed and would 
continue to produce acid at a rate of 34 t/ha/yr. Soil investigations have shown 
approximately 65% of the floodplain area contains at least some acid sulfate soils and 
approximately 110 ha are severely acidified (Fitzpatrick et al 1999). Water discharged 
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into Trinity Inlet has been recorded containing up to 6000 times the Australian and 
New Zealand Environmental and Conservation Council (ANZECC) guidelines for 
aluminium and a pH average of 3.4 (Fitzpatrick et al 1999; Hicks et al 1999).  
 
Prior to drainage the site was an ecologically diverse area, comprising an estuarine 
floodplain with five distinct mangrove communities and supratidal flats supporting 
samphire communities (Smith et al 2004; Powell and Martens 2005). As shown in 
Plate 3.1 much of these communities have been replaced by regrowth Melaleuca 
woodlands. Other acid-tolerant plant species and weeds have invaded the site. 
Ironically, the degradation of the site caused by the oxidation of acid sulfate soils 
ultimately meant it was unsuitable for the purpose for which it was originally drained 
– sugarcane production.  
 
Following the failed agricultural attempt, ownership of the property passed through 
several developers, none of which were able to gain the necessary planning approvals 
to further develop the site. The area was neglected and continued to degrade. In May 
2000 the Queensland State Government purchased the East Trinity property and a 
remediation plan was developed.  
 
The remediation of acid sulfate soil landscapes has two principle directives. Firstly, to 
neutralise any existing acidity generated from the oxidation of pyritic material to 
prevent further degradation of the surrounding environment. Secondly, remediation 
should prevent further oxidation of the pyrite. This is usually achieved by 
reestablishing a higher water table to limit oxygen intrusion into the soil profile. At 
East Trinity these objectives where achieved with a remediation plan that involved 
lime assisted tidal exchange.  
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Plate 3.1 Historic photo from 1980s showing acidified and iron stained land and 
waterways on the inside of the bund wall and the death of mangroves on the 
outside as a result of acid sulfate soil oxidation (Powell and Martens 2005). 
 
Prior to the adoption of the lime assisted tidal exchange strategy other strategies were 
considered and ultimately dismissed as being impractical or uneconomical. The 
adopted strategy had several advantages over other treatments: 
 
 The East Trinity site was originally an intertidal wetland with dominant 
mangrove and samphire communities. The reintroduction of tidal exchange 
allows the site to revert to a pre-drainage state. 
 The buffering capacity of seawater with the added assistance of hydrated 
lime neutralises existing sulfuric acid and precipitates iron, aluminium and 
toxic metals. 
 Daily tidal exchange raises the level of the permanent water table and halts 
the process of oxidation of the pyritic layers, thereby preventing further 
generation of acid from these areas. 
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 Daily flooding hydraulically forces acidic cations deeper into the soil 
profile, limiting their export from the soil via slow diffusion into surface 
waters. 
 The use of hydrated lime helps maintain bicarbonate and calcium levels in 
seawater, which is fundamental to the health of aquatic biota (especially 
shelled organisms) (Smith et al 2004). 
 
The extent of tidal exchange was managed through the manipulation of flap gates and 
automatic tidal regulators to ensure neighbouring farms were not affected by saline 
water. After careful consideration it was decided +0.5 m AHD would be the upper 
limit of daily tidal exchange.  
 
There have been numerous studies examining the geochemical changes that have 
occurred at East Trinity since the introduction of the lime assisted tidal exchange 
remediation strategy. Some of these studies have examined the hydrology and water 
chemistry of the site (Johnston et al 2009a, 2011a), contemporary pedogenesis 
(Johnston et al 2009b) and the abundance and reactivity of aluminium, iron and trace 
metals (Grogan et al 2003; Johnston et al 2010; Keene et al 2010; Burton et al 2011a, 
b). 
 
In addition to providing a solution to a severe environmental problem, the strategy to 
allow tidal inundation to the site provided the opportunity to study the behavior of 
acid sulfate soils during a climate change induced sea level rise.  
 
The use of stable sulfur isotopes is a geochemical technique that has been given 
minimal attention at East Trinity. In a study examining contemporary pedogenesis 
Johnston et al (2009b) used sulfur isotopes to identify the depth to which tidal 
inundation was on impacting the soil profile and consuming acidity. Their results 
indicated tidal inundation was only affecting the sulfuric horizons and not the 
underlying sulfidic material. This chapter will expand on the use of this technique and 
provide further insights into the geochemical changes occurring at East Trinity. 
 
72 
 
Aim 
 
The aim of this chapter is to examine the use of stable sulfur isotopes to assist in the 
understanding of the geochemical processes operating in acid sulfate soils subject to 
remediation by lime assisted tidal exchange. The findings of this study could also be 
used to infer geochemical changes as a result of sea level rise in acid sulfate soil 
landscapes. 
 
Methodology 
 
Sampling sites 
A total of 5 sites were examined across the East Trinity property. Sites 1, 2 and 3 
represent a toposequence across the site. Site 1 has a surface elevation of ~0.5 m AHD 
and has been unaffected by tidal inundation. Site 2 is at a slightly lower elevation 
(~0.1 m AHD) and receives some tidal flushing (Johnston et al 2011a). Site 3 is again 
topographically lower (~ –0.1 m AHD) and remains inundated by seawater for most 
of the time (Johnston et al 2009b). This site has been receiving tidal inundation since 
2002, and for the purpose of this study, is considered to be long term remediated.  
 
Sites 4 and 5 have not received any tidal flushing. Site 4 has not been remediated at 
all and Site 5 has been inundated by predominately fresh water. These sites will be 
compared to determine the influence the remediation strategy is having both 
temporally and spatially on the geochemistry of the site.  
 
Sample collection and preservation 
Soil samples were collected using a Russian D-section corer to a depth of 1.5 m. At 
each site multiple cores were taken, then sectioned into 10 cm depth increments. 
Replicate depth increments were combined and homogenised to provide sufficient soil 
sample for analysis. Soil samples were placed in thick plastic bags to reduce 
oxidation, then frozen. 
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Chemical analysis 
In the laboratory the following chemical analyses were performed on each depth 
increment for each site. The moisture content of all samples was determined by drying 
a sub sample of the frozen soil at 105 °C for 7 days (Rayment and Lloyds 2011). The 
moisture content of the soils dried to 65 °C for total carbon, sulfur and nitrogen 
analysis was also determined. Where applicable, results are calculated on an oven 
dried mass. All analyses were conducted at Southern Cross University. 
 
pH, electrical conductivity 
Frozen soil samples were placed in a centrifuge tube with Milli-Q water in a 1:5 
soil:water ratio (Rayment and Lloyds 2011). The tubes were shaken in an end-over-
end tumbler for 1 hour, then allowed to settle for 15 minutes. pH was recorded using 
an Ionode IJ44 pH electrode and electrical conductivity recorded with a TPS 
Conductivity sensor.  
 
Total carbon, nitrogen and sulfur  
Soil samples were dried at 65 °C then finely ground in a mortar and pestle for analysis 
of total carbon, nitrogen and sulfur using a LECO-CNS 2000 induction furnace 
analyzer (detection limit 0.01 % C, N, S). The carbon:nitrogen ratio was also 
calculated.  
 
Water soluble chloride and sulfur analysis 
Chloride and sulfur was analysed by ICP-OES following extraction in a 1:5 soil:water 
suspension. Frozen soil samples were placed in centrifuge tubes with deoxygenated 
Milli-Q water and shaken for 1 hour. Samples were centrifuged for 5 minutes at 3000 
rpm and 10 mL of the supernatant extracted and filtered through a 0.45 µm filter for 
analysis by ICP-OES according to APHA Method 3120 (APHA 2005). Sulfur results 
were converted to sulfate according to the method provided in the Acid Sulfate Soils 
Laboratory Methods Guidelines (Ahern et al 2004). The chloride:sulfate ratio was 
calculated. The remaining supernatant was retained for isotope analysis. Duplicate 
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analysis gave a precision of ±9% for chloride and ±7% for sulfur with a detection 
limit of 0.05 mg/L). 
 
Exchangeable and acid soluble sulfur analysis  
In acid sulfate soils one of the principle products of oxidation is sulfate, which can 
exist in a variety of forms. According to the Acid Sulfate Soils Laboratory Methods 
Guidelines (Ahern et al 2004), sulfate can be determined in exchangeable and acid 
soluble forms. For this study, exchangeable and acid soluble sulfate was extracted 
using a sequential extraction procedure.  
 
Exchangeable sulfate was measured using a 1 M KCl extract in a 1:40 soil:solution 
ratio (McElnea and Ahern 2004). In accordance with recommendations from Maher et 
al (2004) the analysis was conducted on frozen soil samples. Centrifuge tubes were 
shaken for 4 hours then allowed to stand for 12 hours before being centrifuged for 5 
minutes at 3000 rpm. The supernatant was filtered with a 0.45 µm filter and analysed 
for sulfur by ICP-OES. The remaining soil was rinsed with Milli-Q water and retained 
for acid soluble sulfate analysis. 
 
The acid soluble sulfate extraction is principally targeting the relatively insoluble iron 
and aluminium hydroxy sulfate compounds such as jarosite and natrojarosite. For this 
procedure 4 M HCl was added to the centrifuge tube in a 1:40 soil:solution ratio 
(McElnea and Ahern 2004). The solution was shaken for 16 hours then centrifuged at 
3000 rpm for 5 minutes and filtered through a 0.45 µm filter. The supernatant was 
analysed by ICP-OES. Duplicate analysis gave a precision of ±6.5% and ±8% for KCl 
and HCl SO4 respectively with a detection limit of 0.05 mg/L.  
 
Sequential Iron Analysis 
A sequential extraction procedure was employed to differentiate readily available and 
less available forms of iron. Readily available iron (termed reactive iron) was 
extracted using 1 M HCl from frozen soil (Wallman et al 1993). The suspensions 
were shaken for 16 hours then centrifuged. Extracts were analysed for ferrous and 
total iron using the 1,10 phenanthroline method (APHA 3500) (APHA 2005). Both 
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ferrous and total iron trapping solutions contained a phenanthroline ammonium 
acetate buffer solution. Total iron traps also contained hydroxyl ammonium chloride 
as a reducing agent. Samples were analysed by HACH spectrophotometer. Ferric iron 
is represented by total iron minus ferrous iron. Reactive iron species are reported as 
FeR
2+
 for reactive ferrous iron and FeR
3+
 for reactive ferric iron. 
 
Residual soil samples were rinsed with 1 M MgCl2 before the less available forms of 
iron was extracted using a citrate dithionite extraction procedure of Kostka and Luther 
(1994). Accordingly, 40 mL of a solution containing 0.2 M sodium citrate, 0.35 M 
acetic acid and sodium dithionite was added to the centrifuge tubes. The tubes were 
shaken for 16 hours then centrifuged. Aliquots were pipetted into phenanthroline 
ammonium acetate traps and analysed by HACH spectrophotometer. Results are 
reported as FeCDE. Duplicate analysis gave a precision of ±7% with a detection limit 
of 0.05 mg/L Fe. 
 
Reduced inorganic sulfur analysis  
In acid sulfate soils, reduced inorganic sulfur species typically include iron 
monosulfides – operationally defined as acid volatile sulfides (AVS), elemental sulfur 
(ES) and iron disulfides defined as chromium reducible sulfur (CRS). A procedure to 
sequentially extract AVS, ES and CRS was employed.  
 
Acid volatile sulfide analysis was conducted on frozen soil (Maher et al 2004) 
following the diffusion method of Hseih et al (2002) and a modified apparatus 
described by Burton et al (2007). Accordingly, frozen soil was weighed into 50 mL 
centrifuge tubes under a nitrogen atmosphere to minimise oxidation. A 10 mL aliquot 
of 6 M HCl was added with 1 mL of 0.1 M ascorbic acid and the samples shaken for 
18 hours. Evolved hydrogen sulfide gas was trapped in 10 mL vials containing 5 mL 
of zinc acetate and sodium hydroxide trapping solution. Following shaking the 
trapping solutions were removed and quantified by iodometric titration. Residual soil 
samples were centrifuged for elemental sulfur analysis and the supernatant discarded.  
 
Samples were rinsed with Milli-Q water before 10 mL of toluene was added (Burton 
et al 2011a, b). Centrifuge tubes were shaken for 18 hours and allowed to settle. A 
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subsample of the toluene fraction was extracted for analysis of elemental sulfur by 
high performance liquid chromatography (HPLC) with a Dionex UltiMate 3000 
system. The supernatant was discarded and the residual soil was rinsed for chromium 
reducible sulfur analysis. 
 
Chromium reducible sulfur analysis was conducted according to the method of 
Sullivan et al (2000). Soil samples were reacted with chromium metal powder and 6 
M HCl to evolve hydrogen sulfide gas which was trapped in a zinc acetate trapping 
solution. The trapping solutions were quantified by iodometric titration to give the 
residual pyrite fraction. Duplicate analysis gave a precision of ±10% with a detection 
limit of 0.001 %S. 
 
Sulfur isotope analysis 
Stable sulfur isotope analysis was conducted on selected layers from each site. Both 
sulfide and sulfate fractions were examined. The sulfide fraction was extracted using 
the chromium reducible sulfur procedure detailed previously. When used as a stand-
alone technique this process will extract all reduced inorganic sulfur species including 
acid volatile sulfur, elemental sulfur and pyrite sulfur (Sullivan et al 2000). To extract 
samples for isotope analysis additional chromium reducible sulfur runs were 
performed on the selected soil samples. For these runs the trappings solutions were 
not titrated and the zinc sulfide (ZnS) precipitate was rinsed three times with Milli-Q 
water. The samples were centrifuged, the remaining water decanted and the 
precipitate dried in the oven overnight. 
 
A range of sulfate fractions were examined including water soluble, exchangeable and 
acid soluble sulfate. Water soluble sulfate was examined on the supernatant remaining 
after the chloride and sulfate analysis. The solution was extracted and syringe filtered 
into a new centrifuge tube. Approximately 10 mL of 1 M barium chloride (BaCl2) 
solution was added to precipitate barium sulfate (BaSO4). The precipitate was then 
rinsed, centrifuged and oven dried.  
 
Exchangeable and acid soluble sulfate for isotope analysis was extracted using nearly 
the same sequential procedure detailed previously. The only difference was a 1:10 
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soil:solution ratio. Following extraction, the suspension was centrifuged and 
transferred to a new centrifuge tube. BaSO4 was precipitated with a 1 M BaCl2 
solution, which was then rinsed, centrifuged and oven dried.  
 
ZnS and BaSO4 precipitates were analysed for δ
34
S by Continuous Flow Isotope Ratio 
Mass Spectrometry (CF-IRMS) using a Thermo Flash EA 1112 coupled to a Thermo 
Delta V Plus IRMS. NIST reference material 8555 was used for calibration.
 
Results 
are presented as δ34S(CRS) for the sulfide fraction, δ
34
S(WS SO4) for the water soluble 
sulfate fraction, δ34S(KCl SO4) and δ
34
S(HCl SO4) for the exchangeable and acid soluble 
sulfate fractions, respectively. Duplicate analysis gave a precision of ± 0.3‰. 
 
Results 
 
Sites 1, 2 and 3 represent a sequence of the remediation strategy across the site. Site 1 
has not received any tidal inundation and remains in a drained and severely acidified 
state. Site 3 was previously drained and acidified but has been completely inundated 
with tidal water since the program commenced in 2002. Site 2 is a transition 
environment between sites 1 and 3 and receives intermittent tidal exchange. 
 
Figures 3.2–3.4 show some of the geochemical changes across the site from an 
unremediated post-drainage state to long term remediated. Site 1 is typical of an acid 
sulfate soil profile that has been oxidising for some time. The pH at the surface was 
~4.0 and the chloride:sulfate ratios (Figure 3.5) are below 1 throughout the majority 
of the profile. The spike in sulfate concentration at approximately 80 cm depth 
indicates this is where the oxidation front is occurring. It is also at this depth that 
appreciable pyrite concentrations are encountered. The peak in HCl extractable SO4 
seen between 20 and 60 cm depth, suggest previous oxidation of pyrite and 
accumulation of relatively insoluble iron hydroxy sulfate compounds such as jarosite, 
as observed by Johnston et al (2009b, 2010) and Keene et al (2010, 2011).  
 
Site 2 is showing some influence from the remediation strategy. pH has increased to 
almost 6.0 and remains relatively steady down the profile to approximately 120 cm 
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depth. There has also been an increase in EC at the surface and the chloride:sulfate 
ratio has risen to 2. Although still quite low, this ratio indicates the chloride 
concentration is now higher than the sulfate concentration. Below 90 cm the 
chloride:sulfate ratio falls below 1 and this layer appears to be unaffected by the tidal 
waters used in the remediation strategy at present (Johnston et al 2009b). Figure 3.4 
indicates some reformation of sulfides in the upper 50 cm of the profile at this site – a 
process noted in other studies (Johnston et al 2009b, Burton et al 2011a, b).  
 
 
 
Figure 3.2. pH and electrical conductivity (EC) (left) and total carbon, nitrogen 
and sulfur (right) for Sites 1, 2 and 3. 
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Figure 3.3. Reactive ferrous (FeR 2+), ferric (FeR 3+) and insoluble Fe (FeCDE) 
(left) and chloride and sulfate concentrations (right) for Sites 1, 2 and 3.  
 
Site 3 has even higher concentrations of reformed sulfides in the upper 50–60 cm. In 
particular there is a greater abundance in AVS and ES forms as also seen by Burton et 
al (2011a, b) and Johnston et al (2011b, 2012). pH has risen to circum-neutral and the 
chloride:sulfate ratio is approaching that of seawater. There is considerably less total 
carbon at the surface of this site compared to the previous two sites (Figure 3.2). This 
may be due to organic matter consumption during the sulfate reduction process 
following inundation (Bottcher and Lepland 2000; Morgan et al 2012a, b).  
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Figure 3.4. Acid volatile sulfur (AVS), elemental sulfur (ES) and chromium 
reducible sulfur (CRS) (left) and KCl and HCl extractable SO4 (right) for Sites 1, 
2 and 3. 
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reduction processes into sulfides (Burton et al 2011a, b; Stam et al 2011). The peak in 
HCl extractable SO4 is also smaller and there is a significant spike in FeR
3+ 
at the 
surface. According to Johnston et al (2010) the long term inundation with sea water 
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jarosite and the mobilisation of Fe
3+
 that accumulates as surficial iron-rich layers at 
this site. 
 
 
 
Figure 3.5 Chloride:sulfate (Cl:SO4) ratios for Sites 1, 2 and 3. 
 
The results indicate there has also been considerable geochemical change in the stable 
sulfur isotope signatures across Sites 1–3 (Figure 3.6). At Site 1, δ34S(CRS) ranges from 
-28.4 ‰ to -33.6 ‰ and shows a maximum fractionation from seawater sulfate of 
54.2 ‰. This maximum value occurs at 80 cm depth at the oxidation front. δ34S(WS 
SO4) values are also strongly negative throughout the profile suggesting the dominant 
source of sulfate is from the oxidation of isotopically negative pyrite. The lowest 
δ34S(WS SO4) also corresponds with the most negative δ
34
S(CRS) suggestive of cycling 
between sulfide and sulfate fractions (Maher 2005).  
 
A few of the δ34S(KCl SO4) at Site 1 are less depleted in 
34
S than other layers. This is the 
only occurrence in this study where the exchangeable sulfate fraction has a markedly 
different isotope signature to the corresponding water soluble sulfate fraction. 
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Figure 3.6. δ34S of the sulfide and sulfate fractions for Sites 1, 2 and 3. Sulfides 
are represented by the chromium reducible sulfur fraction (CRS). The sulfate 
fraction includes water soluble sulfate (WS SO4), exchangeable sulfate (KCl SO4) 
and acid soluble sulfate (HCl SO4). 
 
At Site 2, the introduction of tidal water is starting to have some effect on the sulfur 
isotope signatures particularly in the sulfate fractions. The δ34S(CRS) are fairly similar 
to Site 1 with a range of -27.6 ‰ to -32.2 ‰, however the water soluble sulfate 
fraction shows a marked increase in δ34S up to +3.8 ‰ near the surface. In the 20 cm 
and 60 cm layers the δ34S(HCl SO4) lies between the sulfide and water soluble sulfate 
fractions.  
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At Site 3 the geochemical shift in the sulfur isotope signature is even more 
pronounced. In the upper 100 cm of the profile the δ34S(WS SO4) is positive with a 
maximum value of +25.6 ‰. This is higher than the δ34S of seawater sulfate (+20.6 
‰ – Bottcher et al 2004) and may be a function of light sulfate removal through 
sulfate reduction (Wijsman et al 2001; Farquhar et al 2008). There has also been a 
shift in δ34S(CRS). In the upper 70 cm the δ
34
S(CRS) averages -22.5‰ (SD=2.6, n=7), 
whereas in the lower half of the profile the δ34S(CRS) averages -27.6 ‰ (SD=0.8, n=8). 
At this site only 1 sample was extracted for acid soluble sulfate, however it is also 
much lower than the δ34S(WS SO4) and higher than the δ
34
S(CRS). 
 
Non-tidal affected sites 
Sites 4 and 5 have not been affected by the tidal exchange remediation strategy. Site 4 
remains in a completely untouched state and is used to demonstrate the severity of 
acid sulfate soils at East Trinity (Plate 3.2). Site 5 has undergone some remediation 
through the use of fresh/brackish water rather than tidal water.  
 
 
Plate 3.2. Iron oxide accumulations on the surface at Site 4 (width approximately 
50 cm).  
 
Site 4 was extremely degraded with some areas completely scalded (Plate 3.3). At the 
time of sampling there was fresh water pooling on the site and extensive 
accumulations of iron oxide minerals on the surface (Plate 3.2). 
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Plate 3.3. Site 4 showing iron staining and scalded areas. 
 
The lack of tidal exchange at Sites 4 and 5 is quite evident from the soil properties 
(Figures 3.7–3.9). EC was quite low at both sites and remained low throughout the 
profile at Site 4. The pH at Site 4 was slightly higher than expected given the obvious 
degradation but this may be due to sulfide reformation processes occurring near the 
surface (Figure 3.9). The low total carbon concentrations recorded at Site 4 may also 
be due to sulfate reduction processes and sulfide formation or may be a function of the 
surface scalding. According to Rosicky et al (2002a, b, 2004) scalds occur where top 
soil conditions are too hostile to support plant growth. 
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Figure 3.7. pH and electrical conductivity (EC) (left) and total carbon, nitrogen 
and sulfur (right) for Sites 4 and 5. 
 
Both Sites 4 and 5 displayed peaks in iron concentrations at or near the surface with a 
dominance of FeR
3+
. The extreme FeCDE concentrations combined with elevated 
HCl SO4 at Site 4 are indications of abundant jarosite formation and suggest the site 
has experienced considerable oxidation at depth. This is also supported by the low 
chloride:sulfate ratios (Figure 3.10). Site 4 has oxidised to almost 90 cm below the 
surface but considerable pyrite concentrations still remain at depth.  
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Figure 3.8. Reactive ferrous (FeR 2+), ferric (FeR 3+) and insoluble Fe (FeCDE) 
(left) and chloride and sulfate concentrations (right) for Sites 4 and 5. 
 
The sulfur isotope signatures for Sites 4 and 5 are displayed in Figure 3.11. At Site 4, 
δ34S(WS SO4) is strongly negative below 40 cm. Interestingly, the δ
34
S(WS SO4) above 40 
cm was less depleted in 
34
S. This may be due to reformation of sulfides near the 
surface. As with other sites the lowest δ34S(WS SO4) coincided with the zone most 
probably experiencing pyrite oxidation. δ34S(CRS) and δ
34
S(WS SO4) are similar at Site 4 
suggesting oxidation of pyrite is the dominant source of sulfate.  
 
Site 5 stable isotope signatures show more variation down the profile than Site 4. At 
the surface δ34S(WS SO4) values were slightly positive then became more negative down 
the profile. Below 80 cm depth δ34S(WS SO4) increased slightly. At each measured point 
down the profile δ34S(CRS) is more depleted in 
34S than the corresponding δ34S(WS SO4), 
suggesting oxidation of pyrite may not be the only source of sulfate at this site. Prior 
to freshwater ponding, this site received tidal water, as evidenced by the high EC and 
chloride concentrations below 30 cm depth. 
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Figure 3.9. Acid volatile sulfur (AVS), elemental sulfur (ES) and chromium 
reducible sulfur (CRS) (left) and KCl and HCl extractable SO4 (right) for Sites 4 
and 5. 
 
 
Figure 3.10. Chloride:sulfate (Cl:SO4) ratios for Sites 4 and 5. 
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Figure 3.11. δ34S of the sulfide and sulfate fractions for Sites 4 and 5. Sulfides are 
represented by the chromium reducible sulfur fraction (CRS). The sulfate 
fraction includes water soluble sulfate (WS SO4), exchangeable sulfate (KCl SO4) 
and acid soluble sulfate (HCl SO4). 
 
Discussion 
 
The effect of tidal inundation on soil geochemistry 
The lime assisted tidal exchange remediation strategy is having considerable effect on 
the geochemistry of the East Trinity property. The difference in surface elevation 
between Sites 1–3 means that a toposequence, as provided here, can be used as a 
proxy temporal sequence of tidal inundation. This suggests pH has increased at Sites 
1, 2 and 3 (Figure 3.2) with salt water intrusion, particularly in the upper soil layers, 
indicating the tidal water is providing sufficient buffering capacity to neutralise 
existing acidity and raise the pH to nearly neutral (Johnston et al 2009a; 2011a). 
There has also been a significant change in the chloride:sulfate ratio at these sites with 
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an increase in values from <1 at Site 1 to >6 at Site 3 (Figure 3.5). Below 
approximately 120 cm depth the chloride:sulfate ratios are very similar suggesting 
tidal influence may be limited to this depth (Johnston et al 2009b).  
 
There have also been marked changes in the abundance of the different iron species 
between Sites 1–3 (Figure 3.3). Following long term tidal inundation there is a 
decrease in FeCDE below 50 cm and an increase in FeR
2+
 above 50 cm. Studies by 
Keene et al (2010, 2011) and Burton et al (2011a, b) showed an abundance of FeR
2+
 
in the surface and subsurface layers, whereas this study shows a peak of FeR
3+
 at the 
surface of Site 3. According to Johnston et al (2011b) this peak is likely to be an 
accumulation of poorly crystalline goethite and lepidocrocite.   
 
The accumulations of sulfides in the upper layers of Sites 2 and 3 (Figure 3.4) are 
contemporary formations (Johnston et al 2009b; Keene et al 2010, 2011; Burton et al 
2011a). Both of these sites underwent considerable oxidation due to drainage, hence 
sulfide formation could only have occurred following a geochemical shift in the redox 
conditions from oxidising to reducing (Smith et al 2004, Johnston et al 2011a). The 
relative abundance of AVS and ES fractions suggests the current conditions favour 
the accumulation of these forms. Similar results were returned by Burton et al (2011a, 
b) and Keene et al (2011) with the AVS mineral identified as greigite. At depth pyrite 
is the dominant sulfide mineral. 
 
Changes in sulfur isotope signature following inundation 
The use of stable sulfur isotopes is a technique that can be used to examine 
geochemical processes and identify or trace different sulfur sources (Hendry et al 
1989; Dold and Spangenberg 2005; Unland et al 2012). In coastal acid sulfate soil 
landscapes, iron sulfide minerals, particularly pyrite are formed by the reduction of 
sulfate (most commonly from seawater) in the presence of reduced iron. The process 
of sulfate reduction is bacterially mediated and often brings about a shift in the 
isotopic signature of the resultant sulfide (Bottcher et al 1998; Bruchert and Pratt 
1999; Stam et al 2011). According to Bottcher et al (2004), δ34S for seawater sulfate 
is +20.6 ‰, whereas the resulting sulfide may have a δ34S of -10 to -30 ‰.  
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In this study δ34S of the sulfide fraction is measured as chromium reducible sulfur and 
includes the acid volatile, elemental sulfur and pyrite fractions combined. At Sites 1, 2 
and 3 (Figure 3.6), the δ34S(CRS) values are all negative indicating sulfides formed 
from bacterial reduction of sulfate (McConville et al 2000;Wijsman et al 2001; Stam 
et al 2011). At Site 1 the maximum fractionation from seawater sulfate (54.2 ‰) was 
recorded in the zone where oxidisation is still occurring. Enrichment of 
32
S at the 
oxidation boundary of acid sulfate soils was also reported at most of the sites 
examined in Chapter 2 and likely resulted from sulfur cycling processes (Jorgensen 
1990; Canfield and Thamdrup 1994; Bush 2000).   
 
At Site 3, δ34S(CRS) in the upper half of the profile (-22.5 ‰) is different from the 
δ34S(CRS) in the lower half of the profile (-27.6 ‰). This distinction is indicative of the 
difference between contemporary and older sulfide accumulations. It has already been 
established that sulfide concentrations near the surface must have occurred since the 
tidal exchange strategy was introduced as prior to this the site was undergoing 
oxidation (Johnston et al 2009b; Keene et al 2010, 2011; Burton et al 2011a). Below 
70 cm δ34S(CRS) indicates the pyrite is part of the original Holocene sediments (Smith 
et al 2004; Powell and Martens 2005; Johnston et al 2010).  
 
Reformed sulfides in the upper 40 cm of Site 2 gave an average δ34S(CRS) of -30.5 ‰ 
which is slightly more negative than the upper layers at Site 3. At this site, which lies 
topographically between Sites 1 and 3, the tidal exchange is intermittent and redox 
conditions regularly oscillate between reducing and oxidising (Johnston et al 2009b; 
Burton et al 2011a, b). Such conditions provide two sources of sulfate which can be 
reduced by bacteria (Poulton et al 1998; Johnston et al 2009b). When the site 
experiences tidal inundation the dominate sulfate source is seawater and the δ34S(CRS) 
would be similar to that recorded at Site 3. When the site is not inundated, oxidising 
conditions again prevail producing a source of isotopically light sulfate. Once 
reducing conditions are again established bacteria uptake this light sulfate first, 
thereby producing sulfides more enriched in 
32
S. In this instance the change in redox 
conditions causes cycling similar to that seen at the oxidation boundary.   
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The δ34S(HCl SO4) was greater at all sites than the corresponding δ
34
S(CRS) (Figure 3.6). 
Acid soluble sulfate is taken as a measure of jarosite, which in acid sulfate soils is a 
product of pyrite oxidation (McElnea and Ahern 2004). Dowuona et al (1992) found 
similar sulfur isotope signatures in the jarosite and pyrite fractions indicating pyrite 
oxidised to jarosite without major fractionation. However in this study, the fact the 
δ34S(HCl SO4) was always slightly less negative than δ
34
S(CRS) suggests there may be 
some fractionation occurring during oxidation. According to Canfield and Thamdrup 
(1994) the fractionation of elemental sulfur through disproportionation can cause 
enrichment in 
34
S of between 12.6 ‰ and 16.7 ‰ in the sulfate. Disproportionation is 
a specific type of redox reaction in which a species is simultaneously reduced and 
oxidized to form two different products. Fractionation between δ34S(CRS) and δ
34
S(HCl 
SO4) ranged from 10.0 ‰ at Site 1 to 22.7 ‰ at the surface of Site 2.  
 
At Site 1, the δ34S(HCl SO4) is similar to δ
34
S(KCl SO4) and δ
34
S(WS SO4), however at Sites 2 
and 3 the water soluble and exchangeable sulfate is more enriched in 
32
S than the HCl 
extractable sulfate. Jarosite sulfate is more stable than the exchangeable or water 
soluble sulfate forms examined. The jarosite sulfate signatures in this study are more 
likely to reflect conditions that pre-date the introduction of tidal water, whereas the 
exchangeable and water soluble sulfate signatures reflect the remediation strategy and 
the degree of exposure to tidal water.  
 
The greatest isotopic changes were seen in the δ34S(WS SO4) between Sites 1, 2 and 3 
(Figure 3.6). At Site 1, δ34S(WS SO4) are negative indicating the dominant sulfate source 
is the oxidation of isotopically negative sulfides (Mayer et al 2005; Kilminster and 
Cartwright 2011; Unland et al 2012). This is further supported by the chloride:sulfate 
ratios which are <1 throughout the majority of the profile. The chloride:sulfate ratio is 
useful for identifying when additional sulfate is present (Mulvey 1993), whereas the 
isotope signature provides evidence of the source of the sulfate (Mayer et al 2005; 
Kilminster and Cartwright 2011; Unland et al 2012). When used in combination the 
two techniques improve the accuracy with which the hydrogeochemistry of acid 
sulfate soil landscapes can be identified and managed. 
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At Site 1 the lowest δ34S(WS SO4) correspond with the most recently oxidized layers. At 
the oxidation boundary the redox conditions change and sulfate reduction again 
begins to take place. In these zones the dominant source of sulfate is isotopically light, 
which bacteria can reduce to produce sulfides with an even greater fractionation 
(relative to sea water) than the original sulfides (Poulton et al 1998; Johnston et al 
2009b). 
 
At Site 2 δ34S(WS SO4) values show a distinct increase from the values recorded at Site 
1, particularly above 110 cm depth. This indicates a shift to a different source of 
sulfate – in this case sulfate derived from the tidal exchange strategy. At this site, the 
sulfate signature is showing a combination of pyrite derived sulfate and seawater 
sulfate. Below 110 cm the δ34S(WS SO4) at Site 2 is similar to Site 1 suggesting this 
depth represents the limit of tidal water effect at Site 2 to date (Johnston et al 2009b).  
 
The δ34S(WS SO4) at Site 3 shows even greater influence from seawater. Above 100 cm 
δ34S(WS SO4) values are positive and range from 3.1 ‰ to 29.3 ‰. The δ
34
S(WS SO4) 
signatures confirm the much lower influence of pyrite derived sulfate than was 
observed at the other sites. In the upper 30 cm of this profile δ34S(WS SO4) are higher 
than seawater sulfate (+20.6 ‰ – Bottcher et al 2004). In Chapter 2, high δ34S(WS SO4) 
values were recorded at depth in the Tuckean Swamp monosulfide and at most of the 
Inland sites. In each of these cases, high δ34S(WS SO4) values occur where contemporary 
sulfides are forming, indicating the removal of light sulfate through the process of 
sulfate reduction, with an abundance of heavy sulfate remaining (Brownlow 1996; 
Wijsman et al 2001; Farquhar et al 2008).    
 
Non tidal sites 
Sites 4 and 5 have not been affected by the tidal exchange remediation strategy. Site 4 
in particular was extremely degraded with much of the area scalded and coated with 
surficial iron oxide accumulations (Figure 3.8). Below 40 cm depth the isotope 
signatures at Site 4 are similar to those recorded at Site 1, another unremediated site 
(Figure 3.11). δ34S(CRS) and δ
34
S(WS SO4) are both strongly negative and closely aligned, 
indicating pyrite oxidation is the dominant source of sulfate. Above 40 cm δ34S(WS SO4) 
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is less enriched in 
34
S suggesting another source of sulfate, most likely contained in 
the freshwater seen ponding on the surface (Plate 3.2). According to Holser and 
Kaplan (1966) freshwater sulfate has a range of +5 ‰ to +15 ‰. The slightly higher 
δ34S(WS SO4) may also be due to sulfate reduction given there are sulfidic 
accumulations on the surface. It may also be the result of sulfate from sea spray, 
rainfall, or both, given the location of the site adjacent to the ocean and estuary 
(Bridgman 1989; Kilminster and Cartwright 2011). According to Bridgman (1989), 
rainfall in much of Australia is likely to have a δ34S(SO4) value close to that of 
seawater.  
 
At Site 4, the freshwater at the surface is only temporary following rainfall. Site 5 
however, has been bunded so the freshwater remains ponded for extended periods of 
time. Below approximately 80 cm however, the original marine sediments are 
evidenced by higher pH and EC (Figure 3.7) and the chloride and sulfate 
concentrations (Figure 3.10). The comparatively less negative δ34S(WS SO4) values 
recorded at Site 4 can be explained by only occasional oxidation below 80 cm depth. 
The values are not as negative as would be expected of a pyrite dominant sulfate 
source and not positive enough for a seawater dominant sulfate source; rather they 
represent a mixing of these two main sources.  
 
δ34S(CRS) and δ
34
S(WS SO4) at Site 5 are both lowest at the oxidation boundary at around 
70 cm depth. Above this δ34S(WS SO4) values increase and the signatures appear similar 
to Site 2. At this site however, the δ34S(WS SO4) reflects the freshwater overlying the 
site. Sulfate concentrations were much lower at the surface which may have been 
limiting the reformation of sulfides (Habicht and Canfield 1997; Stam et al 2011; 
Mazumdar et al 2012).   
 
The data clearly shows that changes in the stable sulfur isotopes in various soil 
fractions, when used in conjunction with other geochemical data, can be used to 
understand the geochemical processes that occur as sulfidic materials are oxidised and 
then affected by reinundation. It is a particularly useful technique to determine, at 
precise locations, the relative magnitude of the potential sources of the sulfate that are 
driving critical remediation processes such as sulfate reduction, as these provided 
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much of the alkalinity required for remediation (Johnston et al 2012) in these 
disturbed coastal landscapes.  
 
The use of stable sulfur isotopes has also shed light on the stability of sulfate in the 
various fractions following inundation by tidal water. For example, the isotope 
signature of jarosite sulfate where present, is an indicator of conditions prior to 
remediation, whereas the sulfur isotope signatures of both water soluble and 
exchangeable sulfate reflect contemporary conditions.  
 
The sulfur isotope signature of reformed pyrite in turn reflects the soluble sulfate 
source. In remediating environments where tidal water has been introduced the sulfate 
source is the result of both sulfate formed from pyrite oxidation and sulfate from the 
tidal water. The sulfur isotope signature of residual pyrite reflects conditions of 
formation solely under tidal conditions. Differences in the sources of sulfate are 
clearly reflected in the sulfur isotope signature of reformed pyrite.  
 
Conclusion 
 
The aim of this study was to examine the use of stable sulfur isotopes in 
understanding the geochemistry of acid sulfate soil materials undergoing remediation 
by lime assisted tidal exchange. The study was conducted on a severely degraded acid 
sulfate soil site at East Trinity near Cairns in northern Queensland. The remediation 
strategy has brought about many significant changes in the geochemistry of the East 
Trinity property.  
 
Segregations of acid extractable sulfate such as jarosite provided information on the 
environmental conditions prior to the reintroduction of tidal water. Jarosite was also 
found to be less depleted in 
34
S than the corresponding sulfide indicating some 
fractionation may be occurring during oxidation. Water soluble and exchangeable 
sulfate reflect the contemporary conditions and is likely derived from two potential 
sources. The oxidation of pyrite produces sulfate with an isotope signature similar to 
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the pyrite, which at these sites was isotopically negative, whereas sulfate provided in 
the tidal water carries a positive isotope signature similar to sea water sulfate.     
 
At sites with tidal influence contemporary sulfide formations also reflected the varied 
soluble sulfate sources and could be isotopically distinguished from the relic pyrite 
found at depth. Reformed pyrite had an isotope signature that indicated sulfate 
reduction from two sulfate sources; sulfate derived from the oxidation of pyrite and 
sulfate in the tidal water. Relic pyrite indicated conditions of formation solely under 
tidal conditions.  
 
This study has shown the examination of stable isotopes of sulfur in various soil 
fractions can be used to provide information on the environmental conditions prior to 
remediation of acid sulfate soils. It has also identified various soluble sulfate sources 
present pre and post remediation by lime assisted tidal exchange. 
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Chapter 4  
Using stable sulfur isotopes to identify acidic discharges 
from acid sulfate soil materials 
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Introduction 
 
Acid sulfate soils occur along extensive areas of the New South Wales and Queensland 
coastlines. The oxidation of acid sulfate soils through drainage and the lowering of 
water tables have attributed to severe environmental degradation, particularly in 
northern NSW (Johnston et al 2003a, b; Burton et al 2006). Amongst the most 
noticeable and publicised impacts are fish kills which result from the release of acid and 
heavy metals into the aquatic environment (White et al. 1993; Corfield 2000) or by the 
oxidation and mobilisation of monosulfidic black ooze (MBO) (Sullivan and Bush 
2002). Other impacts associated with acid sulfate soils include habitat degradation, soil 
toxicity (Rassam et al. 2001), low nutrient availability (White and Sammut 1995) and 
damage to engineering structures (Bloomfield and Coulter 1973; Blunden and 
Indraratna 2000).  
 
The principle iron sulfide mineral found in acid sulfate soil materials is pyrite. Pyrite is 
formed when sulfate, usually in seawater, is reduced to hydrogen sulfide (H2S) and 
combines with reduced iron, to form iron disulfide (Equation 4.1) (Melville and White 
2000). The majority of coastal acid sulfate soils occur in coastal embayments and 
estuaries where wave action is limited and sedimentation occurs. In addition to a supply 
of sulfate and iron, the formation of pyrite requires generally anaerobic conditions, 
chemically reducing microbes and a large supply of metabolisable organic matter 
(Melville et al. 1993). Such conditions existed during the last sea level rise 
approximately 6000–10 000 years ago which is when many acid sulfate soils were 
formed in eastern Australia.  
 
4SO4
2
(aq)
-
 + Fe2O3(aq) + 8CH2O(s) + ½ O2(g) → 2FeS2(s) + 8HCO3
-
(aq) + 4H2O(aq)
 Equation 4.1 
 
The process of sulfate reduction is bacterially mediated (Mazumdar et al 2007). During 
this process, bacteria are able to preferentially uptake isotopically light sulfate which 
results in the H2S and consequently the pyrite having a significantly different sulfur 
isotope signature from the original sulfate (Bottcher et al 1997; Farquhar et al 2008; 
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Stam et al 2011). Modern seawater sulfate has a sulfur isotope signature of +20.6 ‰ 
(Bottcher et al 2004), whereas the resulting pyrite may have a δ34S signature of between 
-10 to -30 ‰ (Goldhaber and Kaplan 1974; Emery and Robinson 1993). This difference 
in signature is referred to as fractionation.  
 
The oxidation of pyrite also releases sulfate which is discharged into drainage channels 
and subsequently into the surrounding rivers and estuaries (Equation 4.2) (Dent 1986; 
Cook et al 2000; Russell and Helmke 2002). Importantly, the oxidation of pyrite to 
produce sulfate results in only a slight change in the sulfur isotope signature (Taylor et 
al 1984). Therefore, it is possible to differentiate between the isotope signature of the 
original seawater sulfate and sulfate derived from the oxidation of acid sulfate soil 
materials (Mayer et al 2010; Kilminster and Cartwright 2011).   
 
FeS2(s) + 14Fe
3+
(aq) + 8H2O(l) → 15Fe
2+
(aq) + 2SO4
2-
(aq) + 16H
+
(aq)     Equation 4.2 
 
One of the current techniques used for acid sulfate soil identification is the chloride to 
sulfate ratio (Mulvey 1993). In seawater the chloride to sulfate ratio is approximately 
7.2. However in acid sulfate soil environments the oxidation of pyrite produces an 
excess of sulfate relative to chloride which reduces this ratio.  Ratios below 1 were 
recorded at East Trinity in Chapter 3 of this thesis. Other studies have also recorded low 
chloride to sulfate ratios in acid sulfate soil landscapes (Rosicky et al 2002a, b; 
Johnston et al 2003b, c).  
 
Dold and Spangenberg (2005) used isotopes of sulfur and oxygen to conclude water 
soluble sulfate resulted from the oxidation of pyrite in mine tailings. Their study 
differentiated the isotope signature of sulfate derived from pyrite oxidation from the 
isotope signature of primary sulfate dissolution. More recently, Kilminster and 
Cartwright (2011) used sulfur isotopes in dissolved sulfate as a screening tool for 
assessing the impact of acid sulfate soils in Western Australia. An indicator was 
developed based on δ34S and chloride and sulfate concentrations that categorised 
samples into groups with similar isotopic influences (iso-groups). They identified 
disturbed acid sulfate soils in ~5% of sites examined and found corresponding poor 
water quality at those sites. Their study indicated that δ34S values could be used to 
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provide an early warning signal for water affected by disturbed acid sulfate soils 
(Kilminster and Cartwright 2011). 
 
Research conducted by Maher (2005) suggested that sulfur isotope ratios can be used as 
a potential technique for identifying the source of acidic discharge in acid sulfate soil 
landscapes by differentiating the δ34S of the original sulfate source (taken as seawater 
sulfate) and the δ34S of the sulfate derived from pyrite oxidation. When used in 
conjunction with background water characteristics such as pH, electrical conductivity, 
dissolved oxygen, metal and salt concentrations and chloride to sulfate ratio, stable 
sulfur isotopes may be able to further establish the link between acid sulfate soil 
oxidation and poor water quality.  
 
Aim 
 
The aim of this investigation was to examine the utility of sulfur isotope ratios in 
dissolved sulfate to identify the provenance of acidic waters draining from and within 
landscapes that contain acid sulfate soil materials. This investigation will link the use of 
sulfur isotopes to other water quality parameters such as pH, electrical conductivity, 
dissolved oxygen, metal and salt concentrations and the chloride to sulfate ratio which 
can be associated with contributions to waters from acid sulfate soil materials. 
 
Methodology 
 
Sampling site – Hendersons Drain, Tuckean Swamp 
The Tuckean Swamp is located on the lower Richmond River floodplain in Northern 
NSW. It comprises an area of approximately 5000 ha with a catchment of 
approximately 22 000 ha (Sammut et al 1996a). The Tuckean Swamp is dissected by an 
extensive artificial drainage system, which has modified the natural drainage pattern 
(Sammut et al 1995). Hagley (1996) suggested this drainage system has resulted in 
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approximately 3000 ha of the Tuckean Swamp being strongly acidic with another 1000 
ha having the potential to become acidic.  
 
The primary regulatory structure for this extensive drainage system is the Bagotville 
Barrage, an eight-cell flood gate installed in 1971 to reduce periodic inundation by tidal 
influence (Hagley 1996). The barrage was constructed along a large drain commonly 
referred to as the Hendersons Drain (Figure 4.1). Acidic discharges from the Tuckean 
Swamp acid sulfate soils have been related to significant lowering of pH, release of 
heavy metals and other detrimental environmental impacts (Sammut et al 1996a).  
 
Sampling commenced at the Bagotville Barrage and proceeded upstream along 
Hendersons Drain (Figure 4.1). Three drainage channels were identified as flowing into 
Hendersons Drain. The largest of these was the Tucki Canal (TC). Samples were 
collected 50–80 m upstream of the confluence with Hendersons Drain, at the mouth of 
the canal and 50–80 m downstream of the canal. Samples were also collected 50 m, 600 
m and 2500 m upstream along the drain.  
 
 
 
 
Figure 4.1. Google Earth image of the Tuckean Swamp with sample sites and 
drainage channels indicated. 
Hendersons Drain 
Tucki Canal 
TNR Drain 
Yellow Creek  Drain 
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The second drain investigated was the Tuckean Nature Reserve Drain (TNR). Samples 
were collected downstream, at the confluence and upstream from the confluence with 
Hendersons Drain. Another sample was collected from ~50 m into the drain. Field 
observations suggested there were considerable accumulations of monosulfidic black 
ooze at the mouth of the drain.  
 
The final drain sampled was the Yellow Creek Drain (YCD). This drain contained 
abundant plant material and was inaccessible. Samples were collected from 
downstream, at and upstream of the confluence with Hendersons Drain. A final sample 
was again taken from the bank inside the drain. The water in the drain was extremely 
clear at the time of sampling.  
 
A water sample was collected from the wharf at Wardell as a representative sample of 
the estuarine conditions in the Richmond River channel between the Bagotville Barrage 
and the sea. Similarly, another water sample was collected from the wharf at Coraki. 
This sample is typical of the environmental conditions up-stream from the Tuckean 
Swamp which are relatively unaffected by acid sulfate soils (Wong et al 2010).  
 
Table 4.1 provides details of the sample collection sites including map grid coordinates, 
distance upstream from the Bagotville Barrage and a brief description. Hendersons 
Drain was examined upstream for a distance of 5.73 km. Samples 7–9, 15 and 20 were 
collected from within Tucki Canal, Tuckean Nature Reserve Drain and Yellow Creek 
Drain, respectively.  
 
Water sample collection and preservation 
Samples were collected from within the drainage channels. Plastic 1 L bottles were 
rinsed three times in the water before the sample was collected. The bottles were 
squeezed to expel air and then capped tightly. They were placed on ice in an esky for 
transport to the laboratory then stored at <4 °C until analysis. 
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Field data collection 
Several water quality parameters were recorded at the time of sampling. These included 
pH, redox potential (Eh), electrical conductivity (EC), dissolved oxygen concentration 
(DO mg/L), dissolved oxygen saturation (DO % sat) and temperature using calibrated 
probes and a TPS meter. Readings were taken from approximately 30 cm below the 
surface. In addition, water samples were pipetted into the alkalinity trapping solutions to 
be analysed in the laboratory. 
 
Table 4.1. Description of sampling sites 
 
 
Chemical analysis 
The following chemical analyses were conducted on the water samples in the 
laboratories at Southern Cross University: 
 
56 J (E) 56 J (S)
1 0539464 6794236 0 Adjacent to Bagotville Barrage
2 0539028 6794704 0.64 Near monitoring station
3 0538687 6794941 1.05 Upstream from Site 2
4 0538172 6795395 1.74 Downstream of Tucki Canal
5 0538136 6795367 1.75 Confluence of Hendersons Drain & Tucki Canal
6 0538081 6795428 1.83 Upstream of Tucki Canal
7 0538012 6795387 1.88 In Tucki Canal, ~50m upstream 
8 0537403 6795489 2.49 In Tucki Canal, 600m upstream
9 0535548 6795819 4.38 In Tucki Canal, 2500m upstream
10 0538014 6795517 1.94 Between Tucki Canal & TNR Drain
11 0537692 6796347 2.94 Between Tucki Canal & TNR Drain
12 0537470 6797006 3.70 Downstream of TNR Drain
13 0537425 6797058 3.77 Confluence of Hendersons Drain & TNR Drain
14 0537398 6797153 3.87 Upstream of TNR Drain
15 0537357 6797091 3.86 In TNR Drain ~50m upstream 
16 0537295 6798020 4.81 Between TNR Drain & Yellow Ck Drain
17 0537276 6798695 5.51 Downstream of Yellow Ck Drain
18 0537307 6798836 5.66 Confluence of Hendersons & Yellow Ck Drain
19 0537326 6798902 5.73 Upstream of Yellow Ck Drain
20 0537343 6798831 5.79 In Yellow Ck Drain, near monitoring station
21 0545386 6797115 Wardell wharf
22 0528133 6793374 Coraki wharf
Site 
No.
Distance from 
Barrage (km)
DescriptionMap Grid
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Alkalinity  
Alkalinity was determined spectrophotometrically using the Bromophenol Blue method, 
and analysed by HACH spectrophotometer. Results were normalised by titrating with 
HCl of known concentration and the Gran Titration procedure (Sarazin et al 1999). 
 
Metals 
Water samples were filtered with a 0.45 µm cellulose acetate filter, preserved with 
HNO3 and analysed for aluminium (Al, detection limit 0.05 mg/L), iron (Fe, detection 
limit 0.05 mg/L) and manganese (Mn (detection limit 0.001 mg/L). Samples were 
analysed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) or 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) according to APHA method 
3120 (APHA 2005). Duplicate analysis gave a precision of ± 3%. 
 
Salts  
Water samples were filtered with a 0.45 µm cellulose acetate filter, preserved with 
HNO3 and analysed for salts. Chloride (Cl) analysis was conducted by Flow Injection 
Analyser (FIA) according to APHA method 4500 (APHA 2005). Sodium (Na), 
potassium (K), calcium (Ca), magnesium (Mg) and sulfate (SO4) were determined by 
ICP-OES (APHA method 3120, APHA 2005). Chloride:sulfate ratios were calculated. 
Duplicate analysis gave a precision of ± 2% with a detection limit of 0.05 mg/L. 
 
Sulfate Isotopes  
The remaining water samples were used to precipitate sulfate for isotope analysis. 
Water samples were filtered directly into a prepared solution of 1 M BaCl2 to precipitate 
BaSO4. The precipitate was rinsed 3 times with 40 mL Milli-Q water and dried at 105 
°C for 24 hours. Samples were analysed for δ34S by Continuous Flow Isotope Ratio 
Mass Spectrometry (CF-IRMS) using a Thermo Flash EA 1112 coupled to a Thermo 
Delta V Plus IRMS. NIST reference material 8555 was used for calibration. δ34S of the 
sulfate fraction is reported as ‰ deviations from the standard (Equation 12). Positive 
δ34S values represent enrichment in 34S while negative δ34S indicate enrichment in 32S. 
Duplicate analysis gave a precision of ± 0.3‰. 
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Results 
 
Water quality in Hendersons Drain 
The quality of the water discharging from the Tuckean Swamp was quite variable 
(Figure 4.2a–d). pH is highest (6.52) at the Bagotville Barrage and decreases to 3.62 
between Tucki Canal and Tuckean Nature Reserve Drain (Figure 4.2a). Upstream of 
Yellow Creek Drain the pH again increases to 5.72.  
 
 
 
Figure 4.2. Background water quality for Hendersons Drain recorded upstream 
from the Bagotville Barrage for a) pH, b) EC, c) Eh, d) DO Sat. Vertical lines 
indicate where the drainage channels converge with Hendersons Drain (TC = 
Tucki Canal, TNR = Tuckean Nature Reserve Drain, YCD = Yellow Creek Drain). 
Solid squares represent samples collected from within the drains. 
 
Eh followed an inverse pattern to pH with the lowest values recorded adjacent to the 
Bagotville Barrage and the highest values in the vicinity of the Tuckean Nature Reserve 
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Drain (Figure 4.2c). Values again decreased upstream of the Yellow Creek Drain. Eh is 
a measure of the redox potential of the water with high values indicating oxidising 
conditions (Evangelou 1998). 
 
Dissolved oxygen levels were below ANZECC (2000) Guidelines for fresh waters along 
the majority of Hendersons Drain (Figure 4.2d). It was only upstream from the entrance 
of Yellow Creek Drain that dissolved oxygen increased above 90%. The lowest 
dissolved oxygen levels were recorded in the vicinity of the Tuckean Nature Reserve 
Drain.  
 
Alkalinity, measured by HCO3
-
, provides a measure of the waters neutralising capacity 
(Wong et al 2010; Johnston et al 2012).  In this study the highest alkalinity was 
recorded adjacent to the Bagotville Barrage (Figure 4.3a) however around the Tucki 
Canal and the Tuckean Nature Reserve Drain the alkalinity dropped considerably. 
Further upstream near the Yellow Creek Drain the alkalinity values again increased.  
 
Metal concentrations for the three most elevated metals examined are displayed in 
Figure 4.3b–d. Manganese only varied marginally along the length of the Hendersons 
Drain (Figure 4.3d). However iron and particularly aluminium peaked at 1.0 and 1.8 
mg/L, respectively, approximately 3 km upstream from the Bagotville Barrage between 
Tucki Canal and Tuckean Nature Reserve Drain (Figure 4.3b, c).  
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Figure 4.3 Background water quality for Hendersons Drain recorded upstream 
from the Bagotville Barrage for a) Alkalinity, b) Al, c) Fe, d) Mn. Vertical lines 
indicate where the drainage channels converge with Hendersons Drain (TC = 
Tucki Canal, TNR = Tuckean Nature Reserve Drain, YCD = Yellow Creek Drain). 
Solid squares represent samples collected from within the drains. 
 
Soluble cation and anion concentrations for Hendersons Drain are displayed in Figure 
4.4. For each of the salts examined, the concentration was highest at the Bagotville 
Barrage and reduced steadily further upstream. Salt concentrations just inside the Tucki 
Canal were similar to those recorded at the confluence and decreased further along 
Tucki Canal. The concentrations recorded in the Tuckean Nature Reserve Drain and 
Yellow Creek Drain was also similar to those recorded at their respective confluence 
with Hendersons Drain. Chloride:sulfate ratios decrease steady upstream from the 
Bagotville Barrage (Figure 4.5). In coastal environments a lowering of the 
chloride:sulfate ratio can indicate additional sulfate in the water which results from the 
oxidation of acid sulfate soil materials. 
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Figure 4.4. Soluble cation and anion concentrations recorded along Hendersons 
Drain, measured upstream from the Bagotville Barrage. 
  
 
 
 
Figure 4.5. Chloride:sulfate ratios recorded along Hendersons Drain. Vertical lines 
indicate where the drainage channels converge with Hendersons Drain (TC = 
Tucki Canal, TNR = Tuckean Nature Reserve Drain, YCD = Yellow Creek Drain). 
Solid squares represent samples collected from within the drains. 
 
Water quality above and below Tuckean Swamp 
Tables 4.2 and 4.3 show the water quality sampled upstream and downstream of the 
Tuckean Swamp. Wardell Wharf is representative of samples downstream of the 
Tuckean Swamp and close to the sea. The sample from the Coraki Wharf is upstream 
from the Tuckean Swamp and should be unaffected by acid sulfate soils. Most of the 
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water quality parameters are similar between the two sites with the exception of EC 
which varied significantly. EC for the Wardell sample indicates a strong marine 
influence whereas the Coraki sample indicates a greater freshwater influence.  
 
Table 4.2. Background water quality parameters for Wardell and Coraki Wharf 
samples 
 
Parameter Wardell Wharf  Coraki Wharf   
Site 21  Site 22 
pH 7.69 7.94 
EC (mS/m) 23 0.36 
Eh (mV) 188 159 
DO sat (%) 98 94 
Alkalinity (HNO3
-
 mmol/L) 2.62 2.73 
Aluminium (mg/L) 0.003 0.006 
Iron (mg/L) <0.001 0.007 
Manganese (mg/L) 0.010 0.001 
 
The distinction between marine and fresh water between the two sites is further 
evidenced by the salt concentrations (Table 4.3). For each of the salts measured the 
Wardell sample had higher levels than the Coraki sample.   
 
Table 4.3. Major soluble cation and anion concentrations for Wardell and Coraki 
Wharf samples  
 
Parameter Wardell Wharf  
Site 21 
Coraki Wharf    
Site 22 
Sodium (mg/L) 3,501 30 
Potassium (mg/L) 143 2.2 
Calcium (mg/L) 164 17 
Magnesium (mg/L) 451 11 
Chloride (mg/L) 7,110 44 
Sulfate (mg/L) 1117 12 
Cl:SO4  6.4 3.6 
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Stable isotope signatures 
Stable isotope signatures from the dissolved sulfate fraction have been plotted in 
relation to the distance upstream along Hendersons Drain from the Bagotville Barrage 
(Figure 4.6). The isotope signature is highest at the Barrage and decreases steadily 
upstream. The maximum value recorded was 12 ‰ which shows some fractionation 
relative to a seawater sulfate signature. The lowest recorded value of 1.3 ‰ occurred 
just downstream of Yellow Creek Drain. Immediately upstream from Yellow Creek 
Drain the isotope signature begins to increase slightly (Figure 4.6). 
 
Figure 4.6 also shows the stable isotope signature of samples collected from within the 
drainage channels. Immediately upstream from the Tucki Canal/Hendersons Drain 
confluence the δ34S has increased slightly from the value recorded at the confluence 
(Table 4.4). The values continue to increase further upstream Tucki Canal which 
suggests the water flowing from Tucki Canal into Hendersons Drain is of slightly better 
quality and contains fewer acid sulfate soil derived sulfates. 
 
 
 
Figure 4.6. δ34S (‰) in the dissolved sulfate fraction measured upstream from the 
Bagotville Barrage. Vertical lines indicate where the drainage channels converge 
with Hendersons Drain (TC = Tucki Canal, TNR = Tuckean Nature Reserve 
Drain, YCD = Yellow Creek Drain). Solid squares represent samples collected 
from within the drains. 
 
Both Tuckean Nature Reserve Drain and Yellow Creek Drain showed slight decreases 
in δ34S compared to their respective confluences with Hendersons Drain (Table 4.4). 
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Upstream from Tuckean Nature Reserve Drain δ34S continues to decrease, whereas 
upstream from Yellow Creek Drain, δ34S increases.  
 
Table 4.4. δ34S values recorded in drainage channels and at their respective 
confluence with Hendersons Drain 
 
Site No Canal/Drain Name Distance 
upstream in drain 
(m) 
δ34S in 
drain (‰) 
δ34S at 
confluence 
(‰) 
7 Tucki Canal 50 4.4 3.8 
8 Tucki Canal 600 7.9 3.8 
9 Tucki Canal 2500 10 3.8 
15 TNR Drain 50 1.4 1.6 
20 Yellow Creek Drain 50 1.3 1.8 
 
The δ34S recorded at Wardell Wharf was 19.81 ‰. This is very close to the seawater 
sulfate signature of 20.6 ‰ provided by Bottcher et al (2004). At the Coraki Wharf δ34S 
is 14.91 ‰, which according to Holser and Kaplan (1966), is indicative of fresh water.  
 
Figure 4.7 shows the relationship between the sulfur isotope signature and pH and the 
chloride:sulfate ratio for all samples. In this study the δ34S of the sulfate fraction is 
strongly correlated with changes in pH and the chloride:sulfate ratio. 
 
 
 
Figure 4.7. pH and chloride:sulfate (Cl:SO4) ratio from all samples plotted against 
δ34S. X = samples from Hendersons Drain, red squares = Tucki Canal, green 
squares = Tuckean Nature Reserve Drain, blue squares = Yellow Creek Drain. 
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Discussion 
 
The Tuckean Swamp has been the site of many acid sulfate soil investigations (Burton 
et al 2006; Wong et al 2010; Claff et al 2011). According to Hagley (1996) some of the 
issues facing the Tuckean Swamp include acid runoff, fish kills, poor water quality, 
land degradation, reduced agricultural productivity, loss of estuarine fisheries habitat 
and degraded native vegetation and wildlife values. Compared to some earlier studies 
the water quality currently found in Hendersons Drain is marginally better. Earlier 
studies have recorded pH values as low as 1.8 and concentrations of aluminium above 
70 mg/L (Sammut et al 1996b). In 2002–2003, in an attempt to remediate the area, the 
floodgates at the Bagotville Barrage were opened and tidal water was allowed to flow 
into the swamp. This neutralised much of the acid generated from the oxidation of the 
acid sulfate soils (RRCC 2013).   
 
At the Bagotville Barrage the high pH, EC (Figure 4.2) and alkalinity (Figure 4.3) are 
influenced by the inflowing tidal water. Upstream from the Barrage the EC drops 
significantly indicating a greater influence from fresh water derived from the upland 
areas. The low alkalinity values recorded in the vicinity of Tucki Canal and Tuckean 
Nature Reserve Drain may have resulted from the alkalinity being consumed by acidity 
released from the drainage channels (Wong et al 2010; Johnston et al 2012). 
 
Several studies have reported low dissolved oxygen levels in the Tuckean Swamp 
particularly following significant rainfall events (Fyfe 2001; Sullivan and Bush 2001). 
This has been attributed in part to the oxidation of monosulfidic black ooze (MBO) 
accumulating in drainage channels associated with acid sulfate soil landscapes (Sullivan 
et al 2002; Bush et al 2004a, b). The elevated iron and aluminium concentrations found 
in this study (Figure 4.3) are consistent with previous studies and are associated with 
acidic discharges from acid sulfate soils landscapes and drain accumulations of 
monosulfidic black ooze (Ferguson and Eyre 1996; Burton et al 2006a, b; Wong et al 
2010). 
 
The results obtained in this study indicate that although there may have been some 
improvement since the opening of the floodgates, acid sulfate soils in the Tuckean 
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Swamp are still greatly influencing water quality. According to the water quality data, 
between Tucki Canal and Yellow Creek Drain, acidity was being mobilised, alkalinity 
was virtually exhausted and metals were being released. In addition, the chloride:sulfate 
ratio decreased to <1 (Figure 4.5) indicating pyrite oxidation has provided an additional 
source of sulfate to the water.  
 
The water in Tucki Canal had a higher pH and lower EC than water at the confluence 
with Hendersons Drain. Alkalinity and dissolved oxygen were both higher in the Tucki 
Canal and the Eh lower than in Hendersons Drain. Overall the water quality improved 
with increasing distance upstream along Tucki Canal.  
 
The water quality parameters measured within the Tuckean Nature Reserve Drain were 
similar to the values recorded in Hendersons Drain. However this is most likely due to 
the small size of the channel which limited the extent of sampling. The only parameter 
that was significantly different between the Tuckean Nature Reserve Drain and 
Hendersons Drain was dissolved oxygen (Figure 4.2). The elevated dissolved oxygen 
recorded in Tuckean Nature Reserve Drain may have resulted from the abundant plant 
material present at the time of sampling. In general Tuckean Nature Reserve Drain is 
contributing water of poor quality to Hendersons Drain. 
 
At the time of sampling Yellow Creek Drain had an abundance of acid tolerate lillies 
and extremely clear water. These indicators are often associated with acidic discharges 
from acid sulfate soil landscapes. According to Figure 4.2, the water sampled within 
Yellow Creek Drain was very similar to the water sampled at the confluence with 
Hendersons Drain. Generally, the water quality improved between Tuckean Nature 
Reserve Drain and Yellow Creek Drain.  
 
Along Hendersons Drain, δ34S decreased from a maximum of 11 ‰ adjacent to the 
Bagotville Barrage to a minimum of 1.3 ‰ near Yellow Creek Drain (Figure 4.6). 
These values, particularly the lower values, show considerable fractionation from 
seawater. If seawater was the dominant sulfate source the isotope signature would be 
~+20 ‰ as it was at Wardell. At the Bagotville Barrage, the isotope signature indicates 
some influence from the inflowing tidal water which was also suggested by the 
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background water quality parameters, however the δ34S signature is diluted from sulfate 
derived from other sources.  
 
The process of bacterial sulfate reduction is an example of kinetic fractionation and the 
major cause for the natural variation in the isotopic composition of sulfur (Nakai and 
Jensen 1964; Brownlow 1996). Fractionation occurs because the rate at which 
isotopically heavy sulfate is reduced is significantly slower than the rate that 
isotopically light sulfate is reduced (Emery and Robinson 1993). This means the 
resultant sulfide is isotopically lighter than the original sulfate. In the context of this 
study, bacterial sulfate reduction produces pyrite that has an isotope signature 
considerably lower than the precursor sulfate.  
 
When this isotopically light pyrite is oxidised to produce dissolved sulfate there is little 
change in the isotope signature (Taylor et al 1984; Seal and Wandless 1997; Balci et al 
2007). That means the pyrite and the product sulfate will have a similar isotope 
signature. It also means the produced sulfate can be readily distinguished from the 
original seawater sulfate. Upstream from the Bagotville Barrage the low δ34S signatures 
recorded in this study indicate the water in Hendersons Drain contains sulfate derived 
from the oxidation of acid sulfate soil materials  
 
The isotope signature in Tucki Canal increased from 3.8 ‰ at the confluence with 
Hendersons Drain to a maximum of 10.3 ‰, 2500 m along the drain (Table 4.4). These 
results suggest it is unlikely the source of sulfate was pyrite oxidation. This aligns with 
the water quality measurements and suggests the soils in this area are not contributing 
significantly to the poor water quality in Hendersons Drain.  
 
The δ34S value recorded within Tuckean Nature Reserve Drain was slightly lower than 
the value recorded at the confluence with Hendersons Drain. This suggests Tuckean 
Nature Reserve Drain is responsible for delivering sulfate derived from the oxidation of 
pyrite into Hendersons Drain. Consequently, the location of the oxidising acid sulfate 
soils are more likely to be found in the catchment of this drain rather than the Tucki 
Canal. A more detailed study along this drain would allow a more precise location to be 
identified.  
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In Chapter 2 of this thesis sulfur isotope ratios were determined on a range of sulfur 
fractions from a site within the Tuckean Swamp adjacent to the Tuckean Nature 
Reserve Drain. According to that study the isotope signature of the soluble sulfate 
fraction was -2.4 ‰ at the oxidation boundary. This sulfate has been derived from the 
oxidation of pyrite and has the potential be flushed into the nearby drainage network. 
The sulfate signature recorded in the drain was fairly similar to the value recorded in the 
soil profile however it is likely there has been some dilution of the sulfate with fresh 
water.  
 
The δ34S value recorded in Yellow Creek Drain was also slightly lower than at the 
confluence (Table 4.4). Similarly, the isotope signatures indicate Yellow Creek Drain is 
contributing sulfate derived from the oxidation of acid sulfate soils into Hendersons 
Drain. This conclusion is further supported by the water quality data and the 
observations of abundant water lillies and very clear water in the drain. The collection 
of additional water samples along Yellow Creek Drain may lead to a more precise 
discharge location being identified.  
 
Upstream of Yellow Creek Drain, the water quality improved slightly and the δ34S value 
increased. More samples need to be collected from further upstream to confirm if the 
improved trend continues. This one sampling point upstream suggests that the slight 
improvement in water quality observed between Tuckean Nature Reserve Drain and 
Yellow Creek Drain can be attributed to water coming from further upstream along 
Hendersons Drain and not from within Yellow Creek Drain.  
 
In this study the δ34S of the sulfate fraction was strongly correlated with changes in pH 
and the chloride:sulfate ratio (Figure 4.7). When the chloride:sulfate ratio drops there 
was a corresponding drop in δ34S. The chloride:sulfate ratio indicates there was an 
alternative source of sulfate in the drainage waters.  The δ34S values indicate this 
additional source was derived from the oxidation of acid sulfate soil materials. As 
expected, this was accompanied by a drop in pH. Although commonly used in the 
identification of acid sulfate soil landscapes, the chloride:sulfate ratio and the pH should 
be used with care. In combination with sulfur isotope signatures however, the accuracy 
with which acid sulfate soils can be identified is markedly improved. 
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The results of this study strongly indicate sulfur isotope signatures of the dissolved 
sulfate fraction can be used to identify the sources of acidic discharges in acid sulfate 
soil landscapes. Future studies could employ a coarser sampling regime along the 
primary drainage channel in addition to collecting samples at the confluence with 
inflowing drains. If the isotope signatures indicate previous pyrite oxidation within an 
area, a more detailed sampling regime along the drain may lead to a more precise source 
location being identified. This would allow for targeted management initiatives to be 
developed. 
 
Furthermore, the establishment of characteristic isotope ratios for landscape elements 
(such as acid sulfate soil materials) would make possible the use of mass balance 
approaches, especially with the use of other water quality data such as chloride:sulfate 
ratios, to quantify the relative contributions of these landscape elements to water quality 
during flow events. This may include quantifying the contribution the oxidation of acid 
sulfate soil materials makes to water flows in landscapes during different stages of flow 
events. Such an approach could lead to improvements in our understanding of the 
hydrology of acid sulfate soils and how they affect the hydrology of catchments during 
and between flow events. 
 
Conclusion 
 
This study examined the utility of using stable sulfur isotopes of dissolved sulfate to 
identify acidic discharges to waterways from acid sulfate soil materials. The data shows 
a strong association between the sulfur isotope signature of the sulfate in drain water 
with other parameters commonly used identify the influence of acid sulfate soils on 
waterways, specifically the pH and chloride:sulfate ratio. This study indicates sulfur 
isotope ratios could be used to help identify and possibly quantify acidic discharges 
from acid sulfate soils, particularly when used in combination with other water quality 
parameters. This study further indicates that the isotopes of sulfur in sulfate in 
waterways can be used as a tool to improve our understanding of the hydrology of acid 
sulfate soil materials and how they affect the hydrology of catchments during and 
between flow events.  
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Chapter 5 
Understanding the formation of acid sulfate soil materials 
in eastern Australia through a study of mangrove 
environments
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Introduction 
 
In eastern Australia many coastal acid sulfate soil materials were formed in the 
Holocene Epoch as a consequence of sea level rise between 6000 and 10 000 years 
ago (Russell and Helmke 2002; Powell and Martens 2005). Sea level rise allowed 
mangrove forests to establish up to 30 km inland from the current coastline (Ferguson 
and Eyre 1996). The establishment of mangroves provided a source of organic matter 
that allowed bacteria to reduce the sulfate in sea water to hydrogen sulfide (H2S) 
(Bouillon et al 2008; Fan et al 2012). When combined with reduced iron from the 
sediment, iron sulfides, particularly in the form of pyrite, were formed (Naylor et al 
1998; Bottcher et al 1998; Wijsman et al 2001).  
 
When the sea levels receded sedimentation began and the sulfides in these mangrove 
sediments were buried by eroding non-sulfidic sediments from higher up in the 
catchment. These buried sulfidic, largely mangrove sediments constitute the bulk of 
modern day acid sulfate soil materials on the eastern Australian floodplains (Powell 
and Martens 2005). At some locations, especially near the levees, the depth to acid 
sulfate soil materials may be several metres, however at other sites, especially in the 
back swamps, they may be at or very near the surface (Johnston et al 2003c). Acid 
sulfate soil materials that remain in a reduced state are relatively stable and cause no 
environmental harm. If they are allowed to oxidise, usually through a change in the 
water table height, acid sulfate soils can cause significant environmental degradation 
(Cook et al 2000; Johnston et al 2003a; Smith et al 2004; Unland et al 2012. 
 
It is well established that redox conditions vary considerably in mangrove sediments. 
In order to understand this variation Clark et al (1998) proposed a four-zone 
geochemical model which includes an upper oxidised zone, upper reduction zone, 
lower oxidised zone and a lower reduction zone. The thickness and depth of each zone 
is dependent on the position of the water table and whether it lies within or above the 
sediment, the frequency of tidal inundation and the presence or absence of mangroves. 
In areas that are constantly inundated the upper reduction zone can extend to the 
sediment surface and replace the upper oxidised zone. In areas without mangroves 
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with well-developed lateral root systems the lower oxidation zone will be absent and 
the upper and lower reduction zones merge (Clark et al 1998). 
 
Other studies have classified redox stratification into oxic, suboxic and anoxic zones 
(Otero et al 2006; Ferreira et al 2007a, b). Oxic and anoxic zones are similar to the 
upper oxidised and lower reduction zones provided by Clark et al (1998). The suboxic 
zone is a combination of the upper reduction zone and lower oxidised zone. The 
distinction Clark et al (1998) gave for these zones was based on the mechanism of 
oxygen incorporation into the soil profile. In the upper reduction zone suboxic 
conditions can be attributed to bioturbation and ventilation of sediments, whereas in 
the lower oxidation zone suboxic conditions result from the release of oxygen from 
mangrove roots.  
 
At many of the sites examined in Chapters 2 and 3 of this thesis there was a similarity 
in the isotope signature between the sulfide and sulfate fractions. This was attributed 
to oxidation of sulfides as the primary source of sulfate in these sediments. At many 
sites this trend continued below the oxidation boundary. Two possible theories were 
put forth to explain this trend; (1) oxidation products including sulfates diffuse 
downward through the profile and (2) in-situ cycling between the sulfide and sulfate 
fraction occurred as the sediments were deposited. The purpose of this chapter is to 
examine the latter of these points by analysing the sulfur isotope signature of sulfate 
in mangrove sediments. In this study, mangrove sediments are used to represent acid 
sulfate soil materials that are currently forming. 
 
Stable isotopes of various sulfur fractions have been used to understand geochemical 
cycling in estuarine and mangrove environments (Bruchert 1998; Bruchert and Pratt 
1999; Bottcher et al 2010; Fan et al 2012). Bruchert (1998) found similarities between 
the δ34S of elemental and acid volatile sulfide fractions and that these fractions were 
less depleted in 
34
S than the pyrite fraction. That study suggested that elemental and 
acid volatile sulfides were recycled back into the porewaters and that isotopic 
exchange takes place in the upper 3 cm of sediment. More recently a study by Fan et 
al (2012) found similarities in the δ34S of elemental and pyrite sulfur fractions which 
were depleted in 
34
S and that the acid volatile sulfide fraction was enriched in 
34
S. 
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Their study also found the δ34S signature became increasingly enriched with depth 
due to sulfate limitation. 
 
Aim 
 
The aim of this chapter is to examine possible cycling between the sulfide and sulfate 
fractions in acid sulfate soil materials as they are being formed. In this study, 
mangrove sediments are being used to represent acid sulfate soil materials that are 
currently forming. 
 
Methodology 
 
Sample collection and preparation 
Samples for this study were collected from an Avicennia-dominated mangrove 
environment along the borders of North Creek in Ballina, New South Wales 
(28°51’3.25”S, 153°34’15.21”E). North Creek is tidal and adjoins the Richmond 
River estuary, which discharges at Ballina (Figure 5.1).  
 
This study was conducted in two parts: 1) a single low tide sampling and 2) an 
extended sampling. The single low tide sampling provides a snap shot of the 
geochemistry of mangrove sediments at low tide when the sediments are at their most 
drained condition. Samples were collected from two sites approximately 50 m apart 
using a sleeve corer to a depth of 40 cm. Cores were stored on ice to be transported to 
the laboratory then placed in the freezer for approximately 3 hours to ‘firm up’ 
slightly without freezing through. When sufficiently firm they were cut into 10 cm 
depth increments, homogenised and returned to the freezer.  
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Figure 5.1. Google Earth image of Ballina showing sampling site 
 
Chemical analysis 
In the laboratories at Southern Cross University the following chemical analyses were 
performed on each depth increment. The moisture content of all samples was 
determined by drying a sub sample of the frozen soil at 105 °C for 7 days (Rayment 
and Lloyds 2011). The moisture content of the soils dried to 65 °C for total carbon 
was also determined. Where applicable, results are calculated on an oven dried mass. 
 
pH, electrical conductivity 
Frozen soil samples were placed in a centrifuge tube with Milli-Q water in a 1:5 
soil:water ratio (Rayment and Lloyds 2011). The tubes were shaken in an end-over-
end tumbler for 1 hour then allowed to settle for 15 minutes. pH was recorded using a 
calibrated Ionode IJ44 pH electrode and electrical conductivity recorded with a 
calibrated TPS Conductivity sensor.  
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Total carbon 
Soil samples were dried at 65 °C then finely ground with a mortar and pestle for 
analysis of total carbon using a LECO-CNS 2000 induction furnace analyser with a 
detection limit of 0.01%.  
 
Water soluble sulfate analysis 
Sulfate was analysed by Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES) following extraction in a 1:5 soil:water suspension. Frozen soil samples 
(Maher et al 2004) were placed in centrifuge tubes with deoxygenated Milli-Q water 
and shaken for 1 hour. Samples were centrifuged and 10 mL of the supernatant 
extracted and filtered for analysis by ICP-OES according to APHA Method 3120 
(APHA 2005). Duplicate analysis gave a precision of ± 8% with a detection limit of 
0.05 mg/L. The remaining supernatant was retained for isotope analysis.  
 
Acid volatile sulfur  
The procedure used for the determination of acid volatile sulfur (AVS) is the same as 
that adopted by the Acid Sulfate Soil Laboratory Methods Guidelines (Ahern et al 
2004). Approximately 10 g of frozen soil was weighed into a 200 mL conical flask. A 
vial containing 15 mL of 20% zinc acetate trapping solution was gently placed in the 
flask. To the flask, 2 mL of ascorbic acid was added and the stopper loosely fitted. 
The flask was purged with nitrogen gas for approximately 30 seconds. With the 
stopper firmly in place, a syringe was used to insert 15 mL of 6 M HCl into the flask. 
The flasks were then left for 24 hours to react.  
 
After 24 hours, the zinc acetate trapping solution was titrated with iodine to a 
permanent blue end point. The amount of iodine was used to calculate the AVS 
content using the following formula: 
 
AVS (%S) =   (A–B) x C x 1600  Equation 5.1 
Mass of soil (mg) 
Where: 
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A = the volume of iodine (mL) used to titrate the soil sample 
B = the volume of iodine (mL) used to titrate the blank 
C = the molarity of the iodine solution as determined by titration of this 
solution with standardised 0.025 M sodium thiosulfate solution 
C = 0.025 x titration volume of standard thiosulfate solution (mL) 
Volume of iodine solution titrated (mL) 
Duplicate analysis gave a precision of ± 8% with a detection limit of 0.001 %S. 
 
Chromium reducible sulfur 
In accordance with recommendations by Maher et al (2004), chromium reducible 
sulfur (CRS) analyses were performed on frozen soil using the method of Sullivan et 
al (2000). According to this method frozen soil was weighed into a reaction vessel 
and 2.059 g of chromium metal powder and 10 mL of ethanol (95% concentration) 
were added. The flask was connected to a condenser and 60 mL of 5.65 M HCl was 
added. The reaction evolved hydrogen sulfide gas which was trapped in a 100 mL 
Erlenmeyer flask containing 40 mL of zinc acetate trapping solution. The reaction 
vessel was brought to the boil and allowed to digest for 20 minutes.  
 
At the completion of the digest the Erlenmeyer flask was removed and titrated with 
iodine to a permanent blue endpoint. The concentration of CRS was then calculated as 
follows: 
CRS (%S) =  (A–B) x C x 1600  Equation 5.2 
Mass of soil (mg) 
Where: 
A = the volume of iodine (mL) used to titrate the soil sample 
B = the volume of iodine (mL) used to titrate the blank 
C = the molarity of the iodine solution as determined by titration of this 
solution with standardised 0.025 M sodium thiosulfate solution 
C = 0.025 x titration volume of standard thiosulfate solution (mL) 
Volume of iodine solution titrated (mL) 
Duplicate analysis gave a precision of ± 9% with a detection limit of 0.001 %S. 
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Sulfur isotope analysis 
Stable sulfur isotope analysis was conducted on selected layers from both sites. Both 
sulfide and sulfate fractions were examined. The sulfide fraction was extracted using 
the chromium reducible sulfur procedure detailed previously. When used as a stand-
alone technique this process will extract all reduced inorganic sulfur species including 
acid volatile sulfur, elemental sulfur and pyrite sulfur (Sullivan et al 2000). To extract 
precipitate for isotope analysis additional chromium reducible sulfur runs were 
performed on selected samples. For these runs the trappings solutions were not titrated 
and the zinc sulfide precipitate was rinsed three times with Milli-Q water. The 
samples were centrifuged, the remaining water decanted and the precipitate dried in 
an oven overnight. 
 
The isotope signature of the water soluble sulfate was examined on the supernatant 
remaining after sulfate analysis. The solution was extracted and syringe filtered into a 
new centrifuge tube. Approximately 10 mL of 1 M barium chloride (BaCl2) solution 
was added to precipitate barium sulfate (BaSO4). The precipitate was then rinsed, 
centrifuged and oven dried.  
 
Zinc sulfide and barium sulfate precipitates were analysed for δ34S by Continuous 
Flow Isotope Ratio Mass Spectrometry (CF-IRMS) using a Thermo Flash EA 1112 
coupled to a Thermo Delta V Plus IRMS. NIST reference material 8555 was used for 
calibration.
 Results are presented as δ34S(CRS) for the sulfide fraction and δ
34
S(SO4) for 
the water soluble sulfate fraction. Duplicate analysis gave a precision of ± 0.3‰. 
 
The extended sampling over a 12 hour period provided an examination of trends in 
sulfur cycling over an extended tidal draining period. The tidal cycle had no tidal 
recharge of the site during the 12 hour sampling period. Here, sediment samples were 
collected at the Site 1 location, in the same manner every 90 minutes for a period of 
12 hours (a total of 9 sampling intervals). A piezometer was installed to a depth of 50 
cm to monitor changes in the water level. The sampling period commenced at high 
tide. At each time interval, water in the piezometer was measured for pH, Eh, and EC 
by inserting a calibrated meter just below the water surface and recording the values. 
In addition, a sample was collected for sulfate analysis by ICP-OES. 
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Sediment soil samples were analysed for moisture content and chromium reducible 
sulfur. Isotope analysis was conducted on the water soluble sulfate fraction using a 
1:5 soil:water extract. Methods for this part were the same as for the single low tide 
sampling.  
 
Results and Discussion 
Single low tide sampling 
As Figure 5.2 suggests, there is considerable variation between the two sites despite 
being only 50 m apart. The apparent differences are most likely due to the different 
relative elevations of the profiles however, a change in the nature of the environment, 
whether depositional or eroding, may have also contributed. AVS was <0.0005 %S at 
both sites, consistent with a comparatively low iron concentration and a ready supply 
of sulfate encouraging transformation to pyrite (Gagnon et al 1995). However, other 
studies have recorded AVS concentrations up to two orders of magnitude greater than 
those recorded here (Fan et al 2012; Mazumdar et al 2012). Total carbon 
concentrations were relatively low particularly at depth at Site 2 and near the surface 
at Site 1. This indicates rapid organic matter decomposition in these sediments may be 
limiting the rate of sulfate reduction (Bottcher et al 1997).  
 
 
Figure 5.2. Selected soil characteristics for the mangrove profile examined in the 
single low tide sampling.  
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The δ34S of the sulfate in the sediment pore waters were considerably less than 
recorded seawater sulfates (Bottcher et al 2004), despite proximity to the marine 
environment (Table 5.1). These values are different to the values reported in the 
literature for other marine environments where the δ34S of the sulfate remained 
relatively constant at depths up to approximately 30 cm (Bates et al 1993; Bottcher et 
al 1997; Habicht and Canfield 1997). Bates et al (1993) found the δ34S of sulfates 
decreased steadily from ~20 ‰ in the surface 20 cm layer to ~12 ‰ at 151 cm depth 
and suggested the difference was due to oxidation of sulfides during sample storage. 
In this study, considerable care was taken with all samples to prevent the oxidation of 
sulfides (Maher et al 2004), particularly during the procedure to extract sulfates for 
isotopic analysis. It is therefore unlikely, that oxidation after collection is responsible 
for the lower δ34S values in the sulfate at this site. 
 
Table 5.1. δ34S of the CRS and SO4 fractions for the Mangrove site studied in the 
single low tide sampling. Fractionation is calculated between δ34S CRS and 
seawater SO4 (SWS = 20.6‰).  
 
Depth (cm) δ34S CRS (‰) δ34S water 
soluble SO4 (‰) 
Fractionation. 
from SWS (‰) 
S1 0–10 -25.28 14.40 45.88 
S1 30–40 -26.68 13.35 47.28 
S2 0–10 -27.20 9.58 47.80 
S2 30–40 -27.92 3.17 48.52 
 
 
At these sites the lower than expected δ34S values in the sulfate may have resulted 
from in-situ oxidation of sulfides brought about by bioturbational processes which 
either transport sulfides to the surface where they interact with oxygen, or by aerating 
the sediments below the surface. Although the rate of pyrite oxidation may be slow 
relative to tidal flushing events, the oxidation of dissolved and acid volatile sulfur 
species will proceed much faster and could therefore contribute to the low isotope 
values in the sulfate. The δ34S of the Ballina sulfates may also be related to tidal 
variations. During low tide, which is when these samples were collected, sediments 
are more exposed and oxidation is more likely to occur. During high tide, the 
sediments are inundated with seawater and the products of oxidation may be washed 
from the profile, diluted or converted back to sulfides via sulfate reduction.  
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The δ34S values of the CRS fraction showed little variation either in depth or between 
profiles. The fractionation from seawater is within the range for bacterial sulfate 
reduction and corresponds with other findings for sulfides formed in marine 
environments. These strongly negative sulfide values are consistent with a system that 
is open with respect to sulfate supply. At these sites, the burial of the sediments to a 
depth of 40 cm has not been sufficient to restrict the sulfate supply during sulfide 
formation and the system remains open.  
 
Extended sampling over a draining phase 
In order to examine the possibilities suggested in the single low tide sampling a closer 
examination of cycling between the sulfide and sulfate fractions over an extended 
period of 12 hours from a high tide peak was undertaken. In particular, the low 
isotope signature in the sulfate fraction required further examination. This was 
achieved by examining the changes in the sulfate isotope signature over a 12 hour 
period from a high tide (the following high tide did not inundate the trial site allowing 
an extended drainage cycle to be examined). This experiment was conducted at Site 1 
from the single low tide sampling. 
 
Sampling commenced at 05:30 am and ran for 12 hours giving a total of 9 sampling 
intervals. At the start of the experiment the site was overlain by tidal water. Figure 5.3 
displays the water depth and chemistry results recorded in the piezometer at each time 
period. The water level at the site dropped from 3 cm above the sediment surface to 
18 cm below the sediment surface over the 12 hours. Over this time the pH of the 
water in the piezometer also dropped from 6.93 to 6.30. Sulfate concentrations 
however increased nearly 30%. The pH and sulfate concentrations indicate there may 
have been some in-situ oxidation of pyrite occurring in the profile which was altering 
the chemistry of the water in the piezometer. The Eh however indicated a change from 
oxidising conditions at the start to reducing conditions after 12 hours.  
 
Figure 5.4 shows the changes in CRS concentration and δ34S(SO4) at the upper and 
lower depths over the 12 hour study period. The surface concentration of CRS showed 
very little variation. At 30–40 cm depth however, CRS dropped from 1.08 %S at 
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05:30 to 0.25 %S at 14:30. In the last 90 minutes of the study the CRS increased to 
1.2 %S. This supports the water chemistry results which indicate pyrite oxidation 
followed by a return to reducing conditions which favour pyrite formation (Marchand 
et al 2004). Hourly variations in pyrite content of this magnitude are very unlikely and 
it is assumed the observed variation in these samples is due to heterogeneity in the 
sediments giving rise to sample variability rather than geochemical processes. The 
δ34S of the sulfate also varied considerably due to spatial heterogeneity over the study 
period particularly at depth. The sulfate signature fell to 14.8 ‰, which is still slightly 
higher than the maximum value recorded in the single low tide sampling.  
 
 
Figure 5.3. Water depth and chemistry recorded in the piezometer at each time 
interval in the extended sampling. Error bars are based on the standard error. 
 
There is considerable variation in the CRS and δ34S(SO4) down the profiles and across 
the time periods which make it difficult to decipher any clear patterns or trends 
(Figure 5.5). It was expected that as the tide dropped there would be oxidation of 
pyrite in the soil which would provide a sulfate isotope signature less than seawater. 
There are indications that this has occurred in the 30–40 cm layers at 08:30 and again 
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at 13:00. However, at other times for example 10:00 and 14:30, there is a drop in CRS 
and an increase in δ34S(SO4).  
 
 
 
Figure 5.4. Changes in CRS concentration and δ34S(SO4) for 0–10 cm and 30–40 
cm layers over 12 hours. Error bars are based on the standard error. 
 
 
 
Figure 5.5. CRS concentrations and δ34S(SO4) recorded down the profile for each 
time interval. The grey horizontal line indicates the water level.  
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Figure 5.6 shows the CRS and δ34S(SO4) values averaged across all the time intervals 
for each depth. The figure indicates that CRS concentration increases with depth as 
would be expected with burial of the sediments. There is also a small decrease in the 
δ34S(SO4) values with depth.  
 
 
 
Figure 5.6. CRS and δ34S(SO4) values averaged across all the time intervals for 
each depth. Bars indicate the standard error. 
 
Clark et al (1998) provided a four-zone geochemical model to explain the changes in 
redox potential in an environment similar to this study (Figure 5.7). According to that 
model the ‘upper oxidised zone’ is influenced by diffusion of atmospheric oxygen. 
The depth to which oxygen can diffuse is controlled by the sediment texture, the 
position of the water table and the nature and extent of sediment reworking by biota 
(Clark et al 1998). Sulfide oxidation in this zone would contribute sulfate that has a 
similar isotope signature to the sulfide thereby lowering the δ34S in the sulfate 
fraction. In this study however, sulfide concentrations were quite low in the upper 
profile so they may not be affecting the sulfate signature.  
 
 
In the ‘upper reduction zone’ microbial sulfate reduction is extensive which allows 
the formation of sulfide minerals (Clark et al 1998). This zone however, is also 
extremely dynamic and is often affected by burrowing and sediment turnover which 
can introduce oxygen into the profile (Gribsholt and Kristensen 2003; Ferreira et al 
2007a; Volkenborn et al 2007). Throughout this study there is a trend of increasing 
CRS concentration with depth indicating extensive sulfate reduction. At sites which 
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surface (Clark et al 1998), however in this study the surficial sediments were exposed 
for nearly 12 hours.  
 
Figure 5.7. Four zone geochemical model proposed by Clark et al (1998). 
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The ‘lower oxidation zone’ occurs from the release of oxygen from mangrove roots 
(McKee et al 1988; Clark et al 1998). This oxidation is generally limited to the 
sediment near the mangrove roots and does not affect the surrounding sediment which 
remains reducing (Ferreira et al 2007a). In the current study the establishment of 
oxidising conditions around plant roots may have caused the considerable spatial and 
temporal variations seen in the CRS concentrations and sulfate isotope signatures.     
 
The geochemical model provided by Clark et al (1998) also describes a ‘lower 
reduction zone’. In this zone redox potentials are likely to be at their lowest and 
sulfate reduction leads to the production of methane rather than carbon dioxide 
(Manahan 1990; Seralathan et al 2006). According to Clark et al (1998) sulfide 
formation in the ‘lower reduction zone’ may be limited by the availability of sulfate. 
Given the sediment in this study was covered with tidal water at the start and only 
dropped to 18 cm below ground surface after 12 hours it is unlikely that sulfate supply 
was limited at depth. The high CRS concentrations recorded at depth in this study and 
the δ34S(CRS) recorded in the single low tide sampling also indicate sulfate reduction 
was not limited by sulfate supply.   
 
The varying redox conditions that typify mangrove sediments make it difficult to 
identify where pyrite is oxidising and sulfate is being reduced. In this study 
classifying the different redox zones is complicated by the influence of tidal water and 
the fact that the transition from one zone to another is often gradual with minor 
variations in Eh (Clark et al 1998). It was expected that oxidising conditions would 
bring about a lowering of the sulfate isotope signature due to sulfate being provided 
by the oxidation of pyrite. However, in the upper oxidised zone, there may not have 
been sufficient pyrite concentrations to significantly affect the sulfate signature. In the 
lower oxidation zone, if the extent of oxidising conditions is limited to the sediment 
near the mangrove roots, the sampling regime for this study may have been too coarse 
to pick up the in-situ oxidation that was seen in the single low tide sampling.  
 
Although speculation, if reducing conditions prevail the sulfate isotope signature may 
be the same as seawater or slightly higher depending on the degree of tidal influence. 
If reducing conditions are established above the level of the tidal influence pyrite 
 133 
 
would begin to form and there would be an increase in the sulfate isotope signature. 
This increase would occur due to removal of light sulfate to form sulfides leaving a 
greater abundance of heavy sulfate. If however, the reducing conditions were the 
result of tidal influence, it would be more difficult to detect a change in the sulfate 
isotope signature as the seawater signature would dominate. In this case, removal of 
the light sulfate would not affect the overall sulfate signature of the water.  
 
Both parts of this study indicate that sulfide oxidation below the surface may 
contribute to low δ34S values in the sulfate fraction. However, a change in CRS 
concentration and the consequent effect on the δ34S(SO4) values was extremely difficult 
to detect even during a prolonged drainage period due to the large degree of sample 
variability. The results indicate the δ34S(SO4) was lower at depth compared to the 
surface sediments which most likely results from natural long term sulfide oxidation 
processes in the sediment. Importantly, the lower δ34S(SO4) is clearly not an artefact of 
sulfide oxidation during sample handling and preparation as suggested by Bates et al 
(1993). If sampling handling were the cause of the low δ34S(SO4) the effect would have 
been seen in all samples.  
 
In situ cycling of sulfides and sulfates in mangrove sediments is highly dynamic and 
controlled by redox conditions, which are in turn controlled by bioturbation, aeration 
from mangrove roots, sediment depth and texture, tidal range, etc. In order to more 
comprehensively understand the degree of cycling in these sediments and the effect it 
may have on the sulfide and sulfate composition, the redox conditions throughout the 
profile would need to be more closely examined and correlated with changes in the 
sulfate isotope signature. In addition, an experiment that employed a finer depth scale 
(e.g. 2–5 cm depth increments) could highlight smaller pockets of oxidation.  
 
The problem of inherent heterogeneity on small and large spatial scales in mangrove 
areas may be addressed by the use of large scale sediment systems (mesocosms) 
where the experimental conditions can be controlled according to the study objectives 
(Alongi et al 2000; Gribsholt and Kristensen 2002; Kristensen and Alongi 2006). This 
would allow for more controlled monitoring of redox conditions, tidal influence and 
sulfide and sulfate concentrations and isotope signatures. A comparison study from 
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areas that contained mangroves of different species and development stages or where 
mangroves are excluded may help understand the occurrence and effect of the lower 
oxidation zone on sediment cycling (Clark et al 1998; Marchand et al 2004).  
 
Conclusion 
 
This study was conducted in two parts. The first part provided a snap shot of the 
geochemistry and isotope signature of mangrove sediments in a single low tide 
sampling. The second part attempted to assess changes in the sulfate isotope signature 
over a 12 hour extended drainage phase. Both parts were conducted in an Avicennia - 
dominated mangrove environment in Ballina, northern New South Wales.  
 
The single low tide sampling indicated considerable variation in the geochemistry of 
mangrove sediments over small spatial distances. The δ34S of the sulfide fraction was 
consistent between profiles and with depth however, the δ34S of the sulfate fraction 
was considerably less than sea water sulfate despite the proximity to tidal water. 
 
The extended sampling also showed considerable variation in CRS concentration and 
δ34S(SO4) down the profile and across the 12 hour study period. This variation was 
attributed to readily changing redox conditions which can be affected by bioturbation, 
aeration from mangrove roots, changes in tidal height and the inherent heterogeneity 
of mangrove sediments. These factors contribute to considerable sample variability 
and make it difficult to detect whether pyrite is oxidising or sulfate is reducing on 
very small spatial scales.  
 
Both parts of this study indicate that sulfide oxidation below the surface could 
contribute to low δ34S values in the sulfate fraction indicative of in-situ cycling 
between sulfide and sulfate fractions in mangrove sediments. However to determine if 
in-situ cycling during deposition was the cause of the similarity between the sulfide 
and sulfate isotope signature below the oxidation boundary in acid sulfate soils would 
require a more rigorous experimental strategy that accounted for the heterogeneity of 
these sediments.  
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Chapter 6   
Conclusions 
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The natural variation and fractionation of stable sulfur isotopes makes them an ideal 
tool in many geochemical studies (Bottcher et al 1998; Bottcher and Lepland 2000; 
Wijsman et al 2001; Mazumdar et al 2007; Mayer et al 2010). The technique has been 
applied in many studies examining the formation environment of sulfide ores, 
differentiating sulfur sources and separating high and low temperature sulfur deposits. 
Despite their application in many related fields sulfur isotopes have only been used in 
a handful of studies relating to acid sulfate soils.  
 
The overall aim of this thesis was to examine the geochemical processes in acid 
sulfate soil environments using stable sulfur isotopes. This was achieved by meeting 
the following specific objectives: 
 
1) Establish a baseline for the use of stable sulfur isotopes in acid sulfate soils by 
examining the isotope signature of samples from different acid sulfate soil 
environments. 
 
This chapter examined the sulfur isotope signature in the sulfide and sulfate fraction 
of acid sulfate soils formed under different conditions including coastal clay and peat 
dominated soils, coastal and inland monosulfidic black ooze samples. Clay dominated 
acid sulfate soils which were deposited during the last sea level rise gave strongly 
negative δ34S signatures in both the sulfide and sulfate fractions. Peat dominated acid 
sulfate soils which form in more fresh or brackish water environments showed both 
positive and negative values in the sulfide fraction and only positive values in the 
sulfate fraction.  
 
The isotope signatures recorded in these different environments can be linked to 
whether the environments were open or closed with respect to sulfate supply. The 
sulfate supply in sea water was abundant and therefore negative isotope signatures 
were recorded in the clay sediments. The sulfate supply in fresh water was more 
limited which resulted in positive isotope signatures recorded in the peat sediments. 
The monosulfidic black ooze samples were similar to the peat sediments and also 
closely aligned with their respective soil samples. The inland samples also gave both 
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positive and negative sulfide signatures, however the sulfate signature was strongly 
positive indicating a very different source from the other sites.  
 
Understanding how the environment of formation can affect the isotope signature of 
the sulfide and sulfate fractions of acid sulfate soil materials may allow the 
identification of dissolved sulfate from sulfide oxidation. This may then allow the 
quantification of the sulfate that is supplied to nearby waterways from sulfide 
oxidation under different hydrological conditions.  
 
2) Use sulfur isotope ratios to understand the geochemical processes operating in acid 
sulfate soils subject to remediation by lime assisted tidal exchange.  
 
This study was conducted at the CRC CARE National Acid Sulfate Soil 
Demonstration Site near Cairns in far north Queensland. This site had been subjected 
to severe environmental degradation due to oxidising acid sulfate soils. In 2001 a lime 
assisted tidal exchange remediation strategy was implemented to address the 
problems. Remediation of the site brought about many geochemical changes which 
were examined using sulfur isotopes in the sulfide and sulfate fractions. The sulfide 
fraction was a combination of acid volatile sulfur, elemental sulfur and pyrite. The 
sulfate fractions included water soluble sulfate, exchangeable sulfate and acid soluble 
sulfate.  
 
Deposits of acid extractable sulfate such as jarosite provided indications of the 
conditions prior to the reintroduction of tidal water. Jarosite was also found to be less 
depleted in 
34
S than the corresponding sulfide indicating some fractionation may be 
occurring during oxidation. Water soluble and exchangeable sulfate reflect the 
contemporary conditions and are likely derived from two potential sources. The 
oxidation of pyrite produces sulfate with an isotope signature similar to the pyrite, 
which at these sites was isotopically negative, whereas sulfate provided in the tidal 
water carries a positive isotope signature similar to sea water sulfate.     
 
At sites with tidal influence contemporary sulfide formations also reflected the varied 
soluble sulfate sources and could be isotopically distinguished from the relic pyrite 
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found at depth. Reformed pyrite had an isotope signature that indicated sulfate 
reduction from two sulfate sources; sulfate derived from the oxidation of pyrite and 
sulfate in the tidal water. Relic pyrite indicated conditions of formation solely under 
tidal conditions.  
 
This study has shown the examination of stable isotopes of sulfur in various soil 
fractions can be used to provide information about the geochemical history of acid 
sulfate soils undergoing remediation by lime assisted tidal exchange. 
 
3) Use stable sulfur isotopes in water to identify sites where acid sulfate soils may be 
oxidising and discharging acidity into waterways. 
 
This study examined the use of stable sulfur isotopes of dissolved sulfate to identify 
acidic discharges to waterways from acid sulfate soil materials. The data showed a 
strong association between the sulfur isotope signature of sulfate in drain waters with 
other parameters commonly used to help identify the influence of acid sulfate soils on 
waterways, specifically pH and the chloride:sulfate ratio.  
 
This study indicated sulfur isotope ratios could be used to help identify and possibly 
quantify acidic discharges from acid sulfate soils, particularly when used in 
combination with other water quality parameters. This study further indicated that 
sulfur isotopes of sulfate in waterways is a tool that could be used to improve our 
understanding of the hydrology of acid sulfate soil materials and how they affect the 
hydrology of catchments during and between flow events.  
 
4) Use sulfur isotopes to examine the cycling between the sulfide and sulfate fractions 
of acid sulfate soil materials in eastern Australia as they are being formed.  
 
The first part of this study provided a snap shot of the geochemistry and isotope 
signature of mangrove sediments in a single low tide sampling. The second part 
attempted to assess changes in the sulfate isotope signature over a 12 hour extended 
drainage phase. Both parts were conducted in an Avicennia - dominated mangrove 
environment in Ballina, northern New South Wales.  
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The single low tide sampling indicated considerable variation in the geochemistry of 
mangrove sediments over small spatial distances. The δ34S of the sulfide fraction was 
consistent between profiles and with depth however, the δ34S of the sulfate fraction 
was considerably less than sea water sulfate despite the proximity to tidal water. 
 
The extended sampling showed considerable variation in CRS concentration and 
δ34S(SO4) down the profile and across the 12 hour study period. This variation was 
attributed to readily changing redox conditions which can be affected by bioturbation, 
aeration from mangrove roots and changes in tidal height and the inherent 
heterogeneity of mangrove sediments. These factors contribute to considerable sample 
variability and make it difficult to detect whether pyrite is oxidising or sulfate is 
reducing on very small spatial scales.  
 
Both parts of this study indicate sulfide oxidation below the surface could contribute 
to low δ34S values in the sulfate fraction which indicates that in-situ cycling between 
the sulfide and sulfate fraction may occur in mangrove sediments. However, to 
determine if in-situ cycling during deposition may be the cause of the similarity 
between the sulfide and sulfate isotope signature below the oxidation boundary in acid 
sulfate soils would require a more rigorous experimental strategy that accounted for 
the heterogeneity of these sediments.  
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Appendix 1 – Data tables for Chapter 2 
 
 
 
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0-5 5.90 237 21.4 0.161 0.615 0.001
5-10 4.49 446 16.5 0.003 0.072 0.030
10-20 4.32 750 9.38 <0.001 0.022 0.110
20-40 4.51 1166 2.82 <0.001 0.019 0.092
40-60 4.25 2880 1.27 <0.001 0.011 1.40
60-80 6.99 3090 0.95 <0.001 0.142 2.01
80-100 5.74 1996 0.87 <0.001 0.487 0.168
100-120 7.31 1715 0.84 <0.001 0.696 0.097
120-140 7.90 1119 0.91 <0.001 0.601 0.039
140-160 7.93 1224 0.92 <0.001 0.681 0.025
160-180 8.06 1264 2.11 <0.001 0.413 0.038
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0-10 4.90 85 3.70 0.002 0.007 0.011
10-20 4.61 91 3.65 <0.001 0.010 0.022
20-30 4.56 146 3.56 0.002 0.015 0.045
30-40 4.02 551 3.20 0.002 0.007 0.106
40-50 3.94 665 2.66 0.001 0.007 0.222
50-60 3.92 680 1.29 0.002 0.004 0.253
60-70 4.26 720 1.33 0.003 0.025 0.294
70-80 5.77 740 1.50 0.001 1.12 0.267
80-90 5.66 786 1.54 0.002 1.25 0.297
90-100 5.30 783 1.46 <0.001 0.558 0.264
100-110 4.62 711 1.36 0.002 0.007 0.290
110-120 6.10 383 1.53 0.001 1.30 0.233
120-130 6.80 840 1.62 0.001 1.94 0.239
130-140 6.73 851 1.64 0.005 1.77 0.217
140-150 6.74 884 1.57 0.005 2.12 0.203
150-160 6.94 849 1.48 0.004 1.97 0.166
160-170 6.98 851 1.53 <0.001 2.45 0.190
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Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0-10 4.33 115 15.8 0.013 0.055 0.033
10-20 4.34 277 7.44 0.007 0.022 0.018
20-30 4.18 474 4.75 0.005 0.018 0.093
30-40 4.29 435 3.32 0.007 0.011 0.093
40-50 4.27 362 3.04 0.005 0.008 0.116
50-60 4.18 280 3.99 0.006 0.009 0.121
60-70 4.05 291 1.85 0.007 0.012 0.156
70-80 3.83 481 1.88 0.006 0.053 0.145
80-90 4.10 337 1.90 0.006 0.107 0.137
90-100 4.23 542 2.01 0.005 0.065 0.162
100-110 4.21 539 1.87 0.003 0.093 0.169
110-120 4.30 526 1.78 0.004 0.506 0.179
120-130 3.83 1142 1.83 0.007 1.13 0.165
130-140 4.01 1316 2.27 0.006 2.04 0.190
140-150 3.97 1234 1.55 0.007 0.828 0.207
150-160 5.03 1031 1.46 0.004 1.17 0.202
160-170 5.57 1003 1.51 0.008 0.980 0.223
170-180 6.21 834 1.57 0.009 1.16 0.235
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0-10 3.80 1036 3.64 0.001 0.036 0.406
10-20 4.03 876 2.33 0.001 0.012 0.639
20-30 3.91 750 2.63 0.002 0.021 0.184
30-40 3.92 606 1.30 0.002 0.009 0.141
40-50 3.87 557 1.06 0.001 0.009 0.168
50-60 3.75 489 0.82 0.001 0.004 0.184
60-70 3.68 448 0.42 0.002 0.007 0.172
70-80 3.42 991 0.58 0.001 0.003 0.326
80-90 3.68 1086 0.84 0.002 0.012 0.421
90-100 3.76 1108 0.70 0.002 1.40 0.400
100-110 3.99 1513 0.89 0.002 2.53 0.698
110-120 4.17 1622 1.17 0.003 2.88 0.497
120-130 3.37 1929 1.06 0.002 2.68 1.47
130-140 3.43 1350 0.92 0.002 2.38 1.60
140-150 3.63 1581 0.75 0.002 1.98 1.71
150-160 3.69 1372 1.02 0.003 2.44 2.47
160-170 4.62 1425 1.34 0.002 3.22 3.08
170-180 4.93 1757 1.22 0.003 4.57 0.668
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Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0 - 5 5.52 157 41.7 0.002 0.163 0.022
5 - 10 4.76 196 44.1 0.001 0.080 0.013
10 - 15 4.38 236 48.8 0.001 0.097 0.012
15 - 20 4.30 266 46.7 0.002 0.078 0.015
20 - 30 4.14 300 50.6 0.001 0.090 0.013
30 - 40 4.08 291 50.3 0.004 0.083 0.076
40 - 50 4.10 327 50.6 0.004 0.092 0.125
50 - 60 4.20 313 49.0 0.004 0.055 0.106
60 - 70 4.25 294 51.2 0.004 0.094 0.093
70 - 80 4.32 295 51.8 0.002 0.134 0.066
80 - 90 4.40 264 52.6 0.003 0.089 0.047
90 - 100 4.43 278 55.3 0.003 0.106 0.084
100 - 110 4.52 242 52.0 0.003 0.262 0.066
110 - 120 4.61 234 52.9 0.003 0.197 0.042
120 - 130 4.61 251 52.0 0.004 0.264 0.046
130 - 140 4.69 206 52.4 0.003 0.449 0.060
140 - 150 4.69 206 52.9 0.005 0.620 0.064
150 - 160 4.79 165 51.0 0.002 0.378 0.017
160 - 170 4.99 98 21.1 0.001 0.095 0.004
170 - 180 4.96 109 17.3 0.001 0.076 0.001
180 - 190 4.86 138 14.4 0.001 0.090 0.000
190 - 200 4.90 129 15.4 0.001 0.060 0.002
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0 - 10 3.90 683 8.16 0.001 0.017 0.330
10 - 30 3.97 625 11.0 0.001 0.013 0.297
30 - 50 3.82 375 32.2 0.001 0.039 0.217
50 - 70 3.74 516 38.0 0.002 0.087 0.468
70 - 90 4.53 387 34.6 0.002 0.765 0.345
90 - 110 5.09 254 20.3 0.002 2.92 0.199
110 - 130 5.61 172 28.2 0.002 1.45 0.118
130 - 150 5.91 103 11.1 0.001 1.90 0.035
150 - 170 5.98 81 5.04 0.001 0.877 0.004
170 - 190 6.05 76 2.59 0.002 0.911 0.006
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Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0-10 4.47 119 13.16 0.002 0.031 0.124
10-20 4.6 331 8.74 <0.001 0.022 0.188
20-30 4.29 338 5.59 0.002 0.014 0.140
30-40 3.94 353 4.19 0.003 0.009 0.140
40-50 3.84 366 7.54 <0.001 0.007 0.149
50-60 3.63 526 7.43 0.002 0.009 0.216
60-70 3.58 544 8.74 0.001 0.013 0.181
70-80 3.48 639 21.5 0.006 0.105 0.510
80-90 3.4 608 38.0 0.006 0.242 0.597
90-100 3.49 602 26.9 0.002 0.140 0.668
100-110 3.46 626 13.4 0.005 0.211 0.567
110-120 3.63 588 4.85 <0.001 0.480 0.297
120-130 3.69 523 3.01 <0.001 0.969 0.292
130-140 2.66 2777 1.67 0.003 1.62 1.488
140-150 2.98 1918 1.92 0.002 0.641 1.281
150-160 3.46 1151 1.48 0.003 0.966 0.700
160-170 4.46 720 1.45 0.002 0.754 0.518
170-180 5.02 498 1.43 0.002 0.870 0.212
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Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0 - 5 4.39 459 12.5 0.005 3.39 0.365
5 - 10 4.40 387 16.3 0.001 1.56 0.250
10 - 15 4.44 353 19.8 0.007 3.91 0.373
15 - 20 4.50 428 21.9 0.001 4.26 0.396
20 - 25 4.52 433 22.9 0.006 5.99 0.560
25 - 30 4.35 535 24.0 0.004 4.25 0.682
30 - 35 4.50 448 16.7 0.001 1.22 0.275
35 - 40 5.06 217 10.0 0.001 0.459 0.093
40 - 45 4.66 328 6.10 0.004 1.51 0.163
45 - 50 4.87 256 6.52 0.002 1.13 0.138
50 - 55 4.74 323 4.66 0.005 2.02 0.219
55 - 60 4.53 332 3.03 0.000 1.06 0.127
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
0 - 5 6.75 1476 10.0 0.115 4.19 0.207
5 - 10 6.81 1253 8.76 0.431 2.67 0.134
10 - 15 6.69 1307 8.44 0.101 3.59 0.142
15 - 20 6.71 1401 7.92 0.135 3.22 0.099
20 - 25 6.97 1213 4.37 0.043 1.15 0.049
25 - 30 7.51 955 1.83 0.015 1.17 0.024
30 - 35 7.50 783 1.84 0.016 0.602 0.021
35 - 40 7.36 1212 0.92 0.004 0.627 0.030
40 - 45 7.54 1152 1.15 0.118 0.930 0.015
45 - 50 7.69 739 0.96 0.003 0.704 0.017
50 - 55 8.05 598 0.76 0.001 0.386 0.006
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
Calabria 8.73 364 4.88 0.337 0.855 0.032
Leonards 7.95 320 3.24 0.075 0.095 0.011
Boomley 7.93 1659 2.18 0.052 0.129 0.096
Widden 8.63 9600 4.17 0.136 0.371 0.794
Piccaninny 8.29 6080 1.98 0.379 0.714 0.319
Barr 8.42 4700 1.45 0.347 0.642 0.242
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Surfacewater -18.0
0-5 -19.0 -20.1 -2.7 40.7 17.4
60-80 -28.6 -17.3 49.2 11.3
160-180 -18.3 -16.4 38.9 1.9
20-30 -9.0 -5.4 29.6 3.5
60-70 -7.1
70-80 -13.6 -6.7 34.2 6.9
80-90 -10.5 -8.6 31.1 1.9
90-100 -10.9 -7.4 31.5 3.5
110-120 -22.6 43.2
160-170 -16.5 -6.3 37.1 10.2
0-10 -12.4 -2.8 33.0 9.6
10-20 -22.2 -5.1 42.8 17.1
90-100 -17.3 -8.7 37.9 8.5
100-110 -12.9 -8.4 33.5 4.5
110-120 -14.6 -8.6 35.2 6.0
170-180 -13.1 -6.0 33.7 7.2
0-10 -20.5 -4.4 41.1 16.0
80-90 -2.1 -2.2 22.7 -0.1
90-100 -2.5 -2.5 23.1 0.1
100-110 -4.8 -2.4 25.4 2.4
110-120 -4.1 -2.5 24.7 1.7
170-180 12.4 -2.8 8.2 -15.2
0-5
100-110 -1.5 22.1
140-150 -7.2 27.8
0-10 - 13.0
90-110 9.8 12.9 10.8 3.1
170-190 10.5 - 10.1
Fract. from 
SWS (‰)
Fract. from 
SS (‰)
Depth       
(cm)
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0-10 5.6 11.3 15.0 5.7
80-90 -7.3 12.5 27.9 19.9
90-100 -6.4 12.7 27.0 19.1
110-120 9.9 11.4 10.7 1.6
120-130 10.8 10.6 9.8 -0.2
170-180 -17.4 7.3 38.0 24.7
0-5 8.8 14.4 11.8 5.7
20-25 2.8 4.8 17.8 1.9
50-55 12.3 10.0 8.3 -2.3
5-10 -2.0 -5.0 25.6
15-20 4.0 2.3 18.3
40-45 16.8 -6.3 24.6 26.9 30.8
Calabria -8.6 -9.2 26.7 29.8 35.8
Leonards 5.1 2.3 18.3
Boomley 8.8 8.4 11.1 12.2 2.7
Widden -12.4 -13.5 24.0 34.1 37.5
Piccaninny -9.5 -7.5 29.1 28.1 36.6
Barr Ck 4.4 3.0 26.0 17.7 23.0
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Appendix 2 – Data tables for Chapter 3 
 
 
 
 
 
Depth pH EC FeR FeR FeR Fe
Water 2+ 3+ Total CDE
(cm) (µS/cm) (mg/g) (mg/g) (mg/g) (mg/g)
0-10 4.29 1231 0.094 0.236 0.330 0.088
10-20 4.37 913 0.074 0.195 0.269 0.113
20-30 4.70 604 0.077 0.488 0.565 0.233
30-40 5.24 724 0.067 0.373 0.440 0.196
40-50 5.67 793 0.067 0.203 0.270 0.215
50-60 5.65 675 0.068 0.198 0.266 0.227
60-70 5.68 1931 0.065 0.172 0.238 0.213
70-80 7.24 2890 0.076 0.210 0.286 0.249
80-90 7.47 3170 0.081 0.210 0.291 0.240
90-100 7.61 3460 0.073 0.167 0.240 0.210
100-110 7.74 3680 0.073 0.164 0.237 0.199
110-120 8.04 3110 0.072 0.191 0.263 0.097
120-130 7.85 2640 0.068 0.174 0.242 0.066
130-140 8.32 1755 0.074 0.189 0.263 0.074
140-150 8.46 1983 0.071 0.176 0.247 0.069
E
a
st
 T
ri
n
it
y
 S
it
e 
1
Depth Total Total Total AVS E.S CRS
Sulfur Carbon Nitrogen
(cm) (%) (%) (%) (%S) (%S) (%S)
0-10 0.34 14.4 0.651 <0.001 0.002 0.018
10-20 0.47 5.35 0.233 0.001 0.004 0.004
20-30 0.62 3.34 0.113 <0.001 <0.001 0.005
30-40 0.56 3.70 0.118 <0.001 <0.001 0.006
40-50 0.71 2.25 0.082 0.001 <0.001 0.007
50-60 0.46 1.54 0.059 <0.001 <0.001 0.006
60-70 0.77 1.29 0.049 0.002 <0.001 0.006
70-80 1.79 1.38 0.035 <0.001 <0.001 0.261
80-90 1.85 1.63 0.037 <0.001 <0.001 0.355
90-100 1.18 2.47 0.035 <0.001 0.001 0.454
100-110 1.11 1.89 0.043 <0.001 0.052 0.319
110-120 1.33 1.86 0.036 <0.001 0.259 1.287
120-130 1.49 2.38 0.047 <0.001 <0.001 1.654
130-140 1.54 2.19 0.042 <0.001 <0.001 1.690
140-150 1.61 2.28 0.040 <0.001 0.001 1.644
E
a
st
 T
ri
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y
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Depth WS WS Cl:SO4 KCl HCl
Cl SO4 Ratio SO4 SO4
(cm) (%) (%) (%) (%)
0-10 0.196 0.386 0.51 0.226 0.381
10-20 0.100 0.211 0.47 0.208 0.678
20-30 0.075 0.125 0.60 0.082 1.89
30-40 0.081 0.162 0.50 0.031 2.17
40-50 0.089 0.197 0.45 0.057 2.53
50-60 0.064 0.158 0.41 0.106 0.628
60-70 0.065 0.886 0.07 0.509 0.451
70-80 0.120 1.32 0.09 1.17 0.189
80-90 0.182 1.15 0.16 1.21 0.080
90-100 0.348 1.00 0.35 0.536 0.130
100-110 0.519 0.872 0.60 0.550 0.060
110-120 0.548 0.577 0.95 0.403 0.046
120-130 0.747 0.375 1.99 0.265 0.023
130-140 0.768 0.376 2.04 0.285 0.037
140-150 0.772 0.379 2.04 0.237 0.045
E
a
st
 T
ri
n
it
y
 S
it
e 
1
(cm) (‰) (‰) (‰) (‰)
0-10 -20.3 -19.5 -19.4
10-20 -21.0 -19.2 -21.0
20-30 -21.9 -20.1 -19.0
30-40 -21.9
40-50 -21.7
50-60 -22.1 -10.7 -24.5
60-70 -23.9
70-80 -33.6 -22.9 -22.8 -23.6
80-90 -32.3 -22.8 -21.8 -22.1
90-100 -32.0 -21.0 -19.8 -16.1
100-110 -19.7 -3.6
110-120 -16.7
120-130 -13.7 -2.6
130-140 -28.4 -12.9 -12.5
140-150 -29.1 -11.9 -10.7
δ
34
S HCl 
SO4
Depth
E
a
st
 T
ri
n
it
y
 S
it
e 
1
δ
34
S 
CRS
δ
34
S WS 
SO4
δ
34
S KCl 
SO4
 181 
 
 
 
 
 
 
 
 
Depth pH EC FeR FeR FeR Fe
Water 2+ 3+ Total CDE
(cm) (µS/cm) (mg/g) (mg/g) (mg/g) (mg/g)
0-10 5.80 3180 0.263 0.425 0.688 0.073
10-20 6.29 2780 0.237 0.051 0.288 0.076
20-30 5.76 2960 0.207 0.067 0.274 0.192
30-40 6.20 1440 0.109 0.149 0.258 0.200
40-50 6.17 1368 0.071 0.162 0.233 0.195
50-60 6.06 1379 0.072 0.021 0.093 0.103
60-70 6.17 1299 0.079 0.000 0.070 0.124
70-80 6.33 1775 0.069 0.016 0.085 0.109
80-90 6.43 2220 0.066 0.016 0.082 0.111
90-100 6.48 3100 0.074 0.020 0.094 0.231
100-110 6.71 4390 0.069 0.149 0.218 0.219
110-120 7.47 4180 0.084 0.023 0.107 0.118
120-130 7.85 3750 0.077 0.017 0.093 0.074
130-140 8.05 3070 0.067 0.013 0.080 0.065
140-150 8.12 2990 0.074 0.014 0.088 0.076
E
a
st
 T
ri
n
it
y
 S
it
e 
2
Depth Total Total Total AVS E.S CRS
Sulfur Carbon Nitrogen
(cm) (%) (%) (%) (%S) (%S) (%S)
0-10 0.86 19.8 0.686 0.009 0.027 0.030
10-20 0.69 11.1 0.429 0.006 0.023 0.024
20-30 0.58 4.27 0.242 0.006 0.012 0.010
30-40 0.53 3.28 0.148 0.024 0.018 0.019
40-50 0.52 3.01 0.130 <0.001 0.006 0.033
50-60 0.39 2.45 0.110 <0.001 0.001 0.136
60-70 0.25 2.12 0.099 <0.001 <0.001 0.055
70-80 0.23 1.67 0.081 <0.001 <0.001 0.110
80-90 0.28 1.33 0.066 <0.001 <0.001 0.102
90-100 0.35 1.16 0.053 <0.001 0.001 0.062
100-110 1.38 1.16 0.048 <0.001 0.001 0.133
110-120 1.52 1.64 0.052 <0.001 0.001 0.467
120-130 1.28 1.85 0.053 <0.001 <0.001 0.832
130-140 1.06 1.96 0.039 <0.001 <0.001 1.02
140-150 1.23 1.65 0.040 <0.001 <0.001 1.26
E
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Depth WS WS Cl:SO4 KCl HCl
Cl SO4 Ratio SO4 SO4
(cm) (%) (%) (%) (%)
0-10 0.822 0.323 2.54 0.409 0.462
10-20 0.759 0.240 3.16 0.180 0.462
20-30 0.642 0.264 2.43 0.071 2.59
30-40 0.628 0.257 2.45 0.184 2.56
40-50 0.490 0.203 2.42 0.070 1.21
50-60 0.518 0.216 2.40 0.050 0.573
60-70 0.504 0.215 2.35 0.196 0.243
70-80 0.434 0.187 2.32 0.097 0.380
80-90 0.391 0.229 1.71 0.853 0.161
90-100 0.440 0.634 0.69 0.690 0.076
100-110 0.507 1.205 0.42 2.399 0.105
110-120 0.751 1.109 0.68 0.825 0.073
120-130 0.787 0.505 1.56 0.609 0.031
130-140 0.682 0.257 2.65 0.612 0.036
140-150 0.711 0.233 3.04 0.240 0.023
E
a
st
 T
ri
n
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y
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e 
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(cm) (‰) (‰) (‰) (‰)
0-10 -32.2 -7.1 -5.1 -9.5
10-20 -30.0 3.9 5.2 -16.3
20-30 -1.3
30-40 -29.2 -3.5
40-50 -6.2
50-60 -29.8 -11.0 -6.6 -17.5
60-70 -9.9
70-80 -31.2 -10.4 -6.4
80-90 -16.7
90-100 -18.9
100-110 -31.9 -18.6 -22.2 -20.5
110-120
120-130 -11.5
130-140 -29.3 -6.3 -3.3
140-150 -27.6 -7.6 -4.5
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Depth pH EC FeR FeR FeR Fe
Water 2+ 3+ Total CDE
(cm) (µS/cm) (mg/g) (mg/g) (mg/g) (mg/g)
0-10 6.90 1955 0.344 1.11 1.46 0.281
10-20 7.23 2330 0.223 0.043 0.267 0.115
20-30 6.93 1880 0.203 0.051 0.254 0.212
30-40 6.66 3380 0.211 0.068 0.279 0.216
40-50 6.91 3410 0.162 0.037 0.198 0.082
50-60 6.80 1903 0.093 0.015 0.108 0.060
60-70 7.00 1990 0.044 0.007 0.051 0.066
70-80 6.91 2240 0.046 0.008 0.054 0.039
80-90 6.73 1873 0.053 0.009 0.062 0.032
90-100 6.64 2110 0.040 0.006 0.047 0.039
100-110 6.44 1180 0.042 0.007 0.048 0.040
110-120 6.09 4400 0.055 0.009 0.064 0.052
120-130 6.06 3890 0.037 0.006 0.043 0.033
130-140 6.14 4800 0.042 0.007 0.049 0.040
140-150 6.53 2470 0.054 0.009 0.063 0.051
E
a
st
 T
ri
n
it
y
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it
e 
3
Depth Total Total Total AVS E.S CRS
Sulfur Carbon Nitrogen
(cm) (%) (%) (%) (%S) (%S) (%S)
0-10 0.40 6.73 0.306 0.021 0.019 0.018
10-20 0.21 2.76 0.134 0.054 0.089 0.028
20-30 0.34 2.37 0.117 0.031 0.048 0.021
30-40 0.58 2.68 0.127 0.028 0.041 0.024
40-50 0.68 2.39 0.129 0.040 0.034 0.057
50-60 0.37 2.35 0.111 <0.001 0.002 0.199
60-70 0.32 2.52 0.110 <0.001 0.001 0.136
70-80 0.54 3.11 0.124 <0.001 0.001 0.273
80-90 1.76 4.22 0.107 <0.001 0.001 0.584
90-100 2.32 6.22 0.133 <0.001 0.001 1.53
100-110 1.75 4.20 0.112 <0.001 0.001 1.72
110-120 1.86 4.23 0.118 <0.001 0.002 1.67
120-130 1.84 4.34 0.103 <0.001 0.001 1.42
130-140 1.41 4.00 0.099 <0.001 0.001 1.37
140-150 1.59 4.27 0.105 <0.001 0.001 1.61
E
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Depth WS WS Cl:SO4 KCl HCl
Cl SO4 Ratio SO4 SO4
(cm) (%) (%) (%) (%)
0-10 0.794 0.128 6.18 0.132 0.320
10-20 0.372 0.052 7.11 0.035 0.151
20-30 0.751 0.121 6.23 0.063 0.745
30-40 0.896 0.155 5.79 0.029 0.990
40-50 1.16 0.211 5.50 0.081 1.068
50-60 0.800 0.154 5.20 0.151 0.331
60-70 1.21 0.197 6.13 0.130 0.110
70-80 1.19 0.223 5.31 0.120 0.123
80-90 1.31 0.276 4.75 0.103 0.124
90-100 1.36 0.321 4.22 0.217 0.163
100-110 1.01 0.410 2.47 0.101 0.110
110-120 1.30 0.395 3.30 0.125 0.136
120-130 1.37 0.491 2.80 0.115 0.166
130-140 1.11 0.537 2.07 0.143 0.117
140-150 1.32 0.541 2.43 0.148 0.129
E
a
st
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n
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(cm) (‰) (‰) (‰) (‰)
0-10 -17.4 24.6 22.4
10-20 -22.7 29.3 25.6
20-30 -24.1 25.5
30-40 -22.5 20.0
40-50 -25.8 21.1 18.2 -13.9
50-60 -23.2 19.1 16.3
60-70 -22.1 22.2 18.8
70-80 -26.1 16.0 11.9
80-90 -27.7 5.6
90-100 -28.0 3.1
100-110 -28.2 -6.8 -11.1
110-120 -28.4 -2.3
120-130 -28.1 -6.5 -14.8
130-140 -27.8 -10.8
140-150 -26.9 -9.1
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Depth pH EC FeR FeR FeR Fe
Water 2+ 3+ Total CDE
(cm) (µS/cm) (mg/g) (mg/g) (mg/g) (mg/g)
0-10 5.23 709 0.331 0.995 1.33 0.284
10-20 4.56 559 0.053 0.091 0.144 0.112
20-30 4.44 492 0.042 0.013 0.055 0.068
30-40 3.96 741 0.041 0.118 0.160 0.204
40-50 3.75 748 0.039 0.452 0.492 0.429
50-60 3.79 750 0.042 0.246 0.289 0.485
60-70 3.88 785 0.040 0.218 0.259 0.444
70-80 4.36 718 0.042 0.159 0.201 0.345
80-90 4.26 944 0.050 0.193 0.243 0.919
90-100 4.28 856 0.052 0.055 0.107 0.084
100-110 4.39 685 0.068 0.072 0.139 0.112
110-120 7.29 1620 0.073 0.072 0.145 0.115
120-130 7.90 1430 0.061 0.060 0.122 0.101
130-140 7.93 1330 0.058 0.054 0.111 0.090
140-150 8.28 949 0.053 0.025 0.078 0.094
E
a
st
 T
ri
n
it
y
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e 
4
Depth Total Total Total AVS E.S CRS
Sulfur Carbon Nitrogen
(cm) (%) (%) (%) (%S) (%S) (%S)
0-10 0.21 6.25 0.390 0.025 0.059 0.033
10-20 0.12 3.70 0.224 <0.001 0.002 0.008
20-30 0.08 2.53 0.128 <0.001 0.002 0.003
30-40 0.37 2.84 0.119 <0.001 <0.001 0.003
40-50 0.74 1.87 0.098 <0.001 <0.001 0.004
50-60 0.89 1.73 0.095 <0.001 <0.001 0.003
60-70 0.83 1.71 0.094 <0.001 <0.001 0.004
70-80 0.40 1.77 0.102 <0.001 <0.001 <0.001
80-90 0.73 1.86 0.095 <0.001 <0.001 0.030
90-100 1.57 1.88 0.094 <0.001 0.001 1.83
100-110 1.68 2.10 0.094 <0.001 0.001 1.40
110-120 1.59 1.81 0.086 <0.001 <0.001 2.19
120-130 1.77 2.33 0.090 <0.001 <0.001 1.61
130-140 1.59 2.16 0.081 <0.001 <0.001 1.64
140-150 1.33 2.22 0.064 <0.001 <0.001 0.862
E
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Depth WS WS Cl:SO4 KCl HCl
Cl SO4 Ratio SO4 SO4
(cm) (%) (%) (%) (%)
0-10 0.090 0.081 1.11 0.083 0.189
10-20 0.065 0.057 1.14 0.073 0.103
20-30 0.050 0.060 0.84 0.000 0.066
30-40 0.113 0.131 0.86 0.112 1.57
40-50 0.108 0.123 0.87 0.075 2.89
50-60 0.108 0.113 0.95 0.156 3.12
60-70 0.117 0.127 0.91 0.086 3.79
70-80 0.116 0.122 0.95 0.131 3.36
80-90 0.147 0.174 0.84 0.164 1.85
90-100 0.148 0.441 0.34 0.241 2.25
100-110 0.227 0.694 0.33 0.146 0.274
110-120 0.243 0.377 0.65 0.372 0.216
120-130 0.286 0.330 0.87 0.276 0.159
130-140 0.283 0.288 0.98 0.138 0.147
140-150 0.287 0.228 1.26 0.205 0.148
E
a
st
 T
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n
it
y
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e 
4
(cm) (‰) (‰) (‰) (‰)
0-10 -0.95 -4.4
10-20 -9.9 -19.7
20-30 -12.1
30-40 -20.3 -16.8 -21.8
40-50 -20.3
50-60 -20.4
60-70 -19.8
70-80 -20.2
80-90 -22.7
90-100 -21.8 -25.1 -21.5 -20.0
100-110 -24.7
110-120 -16.3 -21.1 -17.5
120-130 -17.8
130-140 -17.5
140-150 -16.4
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Depth pH EC FeR FeR FeR Fe
Water 2+ 3+ Total CDE
(cm) (µS/cm) (mg/g) (mg/g) (mg/g) (mg/g)
0-10 5.62 364 0.131 0.176 0.307 0.219
10-20 4.40 548 0.103 0.871 0.974 0.394
20-30 4.64 1690 0.068 0.465 0.532 0.382
30-40 5.32 1680 0.075 0.172 0.247 0.204
40-50 5.35 1383 0.072 0.071 0.143 0.217
50-60 5.25 1257 0.065 0.022 0.087 0.196
60-70 5.70 2040 0.072 0.022 0.095 0.209
70-80 7.68 3050 0.097 0.069 0.165 0.121
80-90 7.90 3460 0.072 0.043 0.115 0.090
90-100 8.06 3800 0.083 0.057 0.139 0.115
100-110 8.36 3850 0.086 0.016 0.102 0.119
110-120 8.64 3070 0.076 0.016 0.092 0.097
120-130 8.52 3660 0.074 0.016 0.089 0.097
130-140 8.38 3380 0.075 0.015 0.089 0.102
140-150 8.46 3100 0.065 0.013 0.078 0.060
E
a
st
 T
ri
n
it
y
 S
it
e 
5
Depth Total Total Total AVS E.S CRS
Sulfur Carbon Nitrogen
(cm) (%) (%) (%) (%S) (%S) (%S)
0-10 0.60 10.9 0.534 0.007 0.010 0.015
10-20 0.17 3.16 0.164 <0.001 0.003 0.005
20-30 0.24 2.45 0.115 <0.001 0.001 0.002
30-40 0.20 2.16 0.109 0.001 0.002 0.015
40-50 0.27 1.64 0.086 <0.001 0.001 0.013
50-60 0.76 1.73 0.086 <0.001 0.002 0.638
60-70 1.13 1.76 0.090 <0.001 0.001 1.19
70-80 1.11 1.79 0.085 0.002 <0.001 1.27
80-90 1.46 2.09 0.078 <0.001 0.001 1.92
90-100 1.49 2.03 0.080 <0.001 <0.001 1.66
100-110 1.74 2.10 0.077 <0.001 <0.001 1.86
110-120 1.58 2.01 0.069 0.001 <0.001 1.31
120-130 1.74 2.14 0.072 <0.001 <0.001 1.73
130-140 1.71 2.18 0.076 <0.001 <0.001 1.51
140-150 1.72 2.17 0.114 <0.001 0.001 1.48
E
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Depth WS WS Cl:SO4 KCl HCl
Cl SO4 Ratio SO4 SO4
(cm) (%) (%) (%) (%)
0-10 0.065 0.047 1.38 0.041 1.05
10-20 0.091 0.077 1.19 0.062 0.162
20-30 0.343 0.160 2.14 0.061 0.213
30-40 0.377 0.131 2.88 0.090 0.332
40-50 0.320 0.130 2.47 0.067 1.249
50-60 0.350 0.217 1.62 0.138 0.107
60-70 0.433 0.350 1.24 0.130 0.080
70-80 0.667 0.617 1.08 0.264 0.054
80-90 0.733 0.410 1.79 0.380 0.048
90-100 0.795 0.412 1.93 0.315 0.034
100-110 0.971 0.488 1.99 0.232 0.049
110-120 0.981 0.494 1.99 0.450 0.054
120-130 1.17 0.603 1.93 0.512 0.057
130-140 1.34 0.667 2.01 0.527 0.061
140-150 1.24 0.628 1.98 0.463 0.054
E
a
st
 T
ri
n
it
y
 S
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e 
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(cm) (‰) (‰) (‰) (‰)
0-10 10.7 7.8 -1.4
10-20 2.5 3.7
20-30 -6.9
30-40 -2.0
40-50 -4.9 -3.4 -17.7
50-60 -29.6 -13.7 -21.5
60-70 -17.6
70-80 -10.1
80-90 -4.6
90-100 -5.4
100-110 -22.5 -4.1
110-120 -4.5
120-130 -13.4 -3.3
130-140 -2.3
140-150 -1.5
δ
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Site pH EC Eh DO DO Temp Alk
No. Water Sat
(µS/cm) (mV) (mg/L) (%) (°C) (mmol/L)
1 6.52 3010 132 5.65 70.0 26.9 0.599
2 5.80 2186 185 5.14 64.1 27.4 0.403
3 4.92 1530 396 4.84 60.3 27.3 0.283
4 4.38 860 477 4.46 55.7 27.3 0.150
5 4.33 746 413 4.45 55.5 27.4 0.272
6 3.86 835 473 4.46 55.9 27.5 0.039
7 5.62 659 254 4.30 53.7 27.4 0.414
8 6.74 128 168 7.16 90.8 28.2 0.992
9 6.89 144 161 6.67 84.3 28.1 0.918
10 3.97 814 508 4.55 57.2 27.7 0.005
11 3.62 670 508 3.92 49.2 27.6 0.000
12 3.72 476 502 3.50 43.8 27.5 0.050
13 3.79 414 502 3.29 41.1 27.3 0.005
14 3.80 409 521 3.38 42.5 27.6 0.228
15 3.82 419 458 7.28 94.9 29.8 0.172
16 4.08 259 503 5.21 65.7 27.8 0.283
17 4.08 241 468 4.44 56.7 28.6 0.403
18 4.00 244 433 6.18 77.9 27.8 0.217
19 5.72 142 269 7.51 94.5 27.8 0.403
20 3.94 274 457 7.16 91.7 28.7 0.072
21 7.69 23350 188 7.83 98.4 27.6 2.62
22 7.94 357 159 7.36 94.1 28.6 2.73
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Site Na K Ca Mg Cl SO4 Cl:SO4
No. Ratio
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 366 15.3 23.0 51.9 715 159 4.49
2 263 11.4 18.4 38.8 504 129 3.90
3 154 6.96 12.8 24.8 279 100 2.79
4 79.8 4.01 8.96 14.4 137 72.3 1.89
5 78.0 4.05 9.40 14.6 133 73.3 1.81
6 79.6 4.15 9.89 15.6 135 92.4 1.46
7 66.7 3.45 8.23 12.0 108 56.5 1.91
8 13.6 1.24 4.03 3.47 18.2 8.1 2.25
9 15.0 1.38 4.34 3.86 19.8 12.0 1.65
10 74.5 3.88 9.45 14.4 122 90.1 1.36
11 53.5 3.19 8.62 12.1 84.7 92.2 0.92
12 30.9 2.15 6.82 8.72 47.0 71.6 0.66
13 29.3 2.07 6.81 8.41 44.0 69.2 0.64
14 24.2 1.94 6.34 7.69 35.4 62.6 0.57
15 27.6 1.93 6.57 8.17 41.2 65.7 0.63
16 16.5 1.37 5.49 5.95 22.2 50.4 0.44
17 14.9 1.38 5.24 5.61 20.5 48.7 0.42
18 14.6 1.33 5.05 5.35 19.1 45.1 0.42
19 13.0 1.14 4.10 3.97 17.9 26.7 0.67
20 14.7 1.39 5.29 5.81 19.3 51.6 0.37
21 3501 143 164 451 7110 1117 6.36
22 29.8 2.25 17.15 10.9 43.9 12.1 3.63
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Site Ag Al As Cd Cr Cu Fe
No.
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 <0.001 0.025 0.004 <0.001 0.001 0.001 0.008
2 <0.001 0.090 0.003 <0.001 0.001 <0.001 0.012
3 <0.001 0.679 0.001 <0.001 0.001 0.001 0.063
4 <0.001 0.781 0.001 <0.001 0.001 0.000 0.088
5 <0.001 0.732 0.001 <0.001 0.001 0.001 0.095
6 <0.001 1.25 0.001 <0.001 <0.001 0.001 0.387
7 <0.001 0.087 0.001 <0.001 0.001 <0.001 0.011
8 <0.001 0.084 <0.001 <0.001 0.001 0.001 0.617
9 <0.001 0.068 <0.001 <0.001 0.001 0.001 0.882
10 <0.001 1.34 0.001 <0.001 <0.001 0.001 0.389
11 <0.001 1.85 0.001 <0.001 0.000 0.001 1.08
12 <0.001 1.30 <0.001 <0.001 0.001 0.001 0.562
13 <0.001 1.32 <0.001 <0.001 <0.001 0.001 0.482
14 <0.001 1.14 <0.001 <0.001 <0.001 0.001 0.404
15 <0.001 1.46 <0.001 <0.001 <0.001 0.001 0.685
16 <0.001 0.667 <0.001 <0.001 <0.001 0.001 0.300
17 <0.001 0.472 <0.001 <0.001 <0.001 0.001 0.554
18 <0.001 0.414 <0.001 <0.001 <0.001 <0.001 0.354
19 <0.001 0.032 <0.001 <0.001 <0.001 <0.001 0.013
20 <0.001 0.521 <0.001 <0.001 <0.001 0.000 0.446
21 <0.001 0.003 0.038 <0.001 0.004 0.005 0.000
22 <0.001 0.006 0.001 <0.001 0.002 0.001 0.007
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Site Mn Ni Pb Se Zn Hg δ
34
S
No. SO4
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (‰)
1 0.304 0.005 <0.001 0.010 0.011 <0.001 11.9
2 0.340 0.005 <0.001 0.008 0.015 <0.001 9.97
3 0.363 0.006 <0.001 0.004 0.022 <0.001 6.47
4 0.337 0.005 <0.001 0.002 0.020 <0.001 3.69
5 0.324 0.005 <0.001 0.002 0.019 <0.001 3.77
6 0.433 0.006 <0.001 0.002 0.028 <0.001 2.09
7 0.233 0.003 <0.001 0.002 0.012 <0.001 4.43
8 0.006 0.001 <0.001 0.001 <0.001 <0.001 7.90
9 0.003 0.001 <0.001 <0.001 <0.001 <0.001 10.3
10 0.434 0.006 <0.001 0.002 0.029 <0.001 2.36
11 0.518 0.007 <0.001 0.002 0.035 <0.001 1.37
12 0.458 0.009 <0.001 0.001 0.027 <0.001 1.85
13 0.472 0.009 <0.001 0.001 0.027 <0.001 1.56
14 0.428 0.006 <0.001 0.001 0.023 <0.001 1.17
15 0.456 0.006 <0.001 0.001 0.028 <0.001 1.38
16 0.299 0.003 <0.001 0.001 0.012 <0.001 1.42
17 0.282 0.003 <0.001 0.001 0.010 <0.001 1.31
18 0.253 0.002 <0.001 0.001 0.008 <0.001 1.80
19 0.201 0.002 <0.001 <0.001 0.003 <0.001 2.29
20 0.273 0.002 <0.001 <0.001 0.010 <0.001 1.26
21 0.010 0.008 <0.001 0.115 0.003 <0.001 19.8
22 0.001 0.002 <0.001 0.001 <0.001 <0.001 14.9
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Appendix 4 – Data tables for Chapter 5 
 
 
 
 
 
Depth pH EC Total AVS CRS Soluble
Water Carbon SO4
(cm) (µS/cm) (%) (%) (%) (%)
S1 0-10 7.77 2449 0.23 <0.001 0.195 0.063
10-20 8.04 2830 0.21 <0.001 0.111 0.083
20-30 8.55 2860 0.98 <0.001 0.096 0.074
30-40 8.40 2880 0.44 <0.001 0.564 0.139
S2 0-10 6.88 3120 1.87 0.001 0.340 0.174
10-20 6.74 2660 0.79 <0.001 0.091 0.136
20-30 6.19 2215 0.26 <0.001 0.198 0.102
30-40 5.94 2350 0.13 <0.001 0.214 0.112M
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S1 0-10 -25.3 14.4 39.7 45.9
20-30 -26.7 13.4 40.0 47.3
S2 0-10 -27.2 9.6 36.8 47.8
20-30 -27.9 3.2 31.1 48.5M
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pH EC Eh  SO4
(mS/cm) (mV) (mg/L)
0-10 0.027 18.8
10-20 0.033 18.9
20-30 0.457 19.0
30-40 1.08 18.8
0-10 0.011 18.8
10-20 0.133 18.6
20-30 0.236 17.6
30-40 0.882 16.9
0-10 0.086 18.8
10-20 0.566 18.6
20-30 0.587 18.8
30-40 0.713 15.1
0-10 0.058 19.3
10-20 0.107 18.6
20-30 0.402 17.0
30-40 0.552 17.9
0-10 0.012 18.6
10-20 0.178 20.0
20-30 0.314 18.3
30-40 0.684 18.0
0-10 0.078 18.2
10-20 0.105 16.6
20-30 0.361 15.6
30-40 0.556 14.8
0-10 0.023 16.5
10-20 0.147 16.6
20-30 0.275 18.8
30-40 0.253 18.5
0-10 0.049 18.8
10-20 0.066 18.3
20-30 0.335 15.7
30-40 0.270 17.9
0-10 0.072 19.4
10-20 0.182 18.6
20-30 0.497 17.1
30-40 1.41 17.2
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